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At ALEPH, polarized tau pairs are produced in e+e- annihilations at the 
Z peak. The polarization depends on the tau production angle and is mea-
sured by spin analyzing tau decays in the modes T -+ evv, T -+ µvv, 
r -+ rrv, T -+ pv and T -+ a1v. This leads to a measurement of the Z 
couplings to taus and electrons, Ar and Ae, where A1 =2g~g~/(g~2 + g~ 2). 
The values obtained using the 1992 data are Ar = 0.129 ± 0.016 ± 0.010 
and Ae = 0.136 ± 0.022 ± 0.007, where the first error is statistical and the 
second is systematic. Assuming electron-tau universality leads to Ae-'T = 
0.131 ± 0.013 ± 0.006. This result has been combined with the published 
ALEPH result for the 1990 and 1991 data for a measurement of the effective 
weak mixing angle sin2 o~ = 0.2334 ± 0.0014. 
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Tau pairs produced in e+e- annihilation on the Z resonance do not have 
randomly oriented spins. The polarization of these taus yields information 
about the weak mixing angle sin2 (}~,which relates the electromagnetic and 
weak forces. 
The 7+ and 7- are produced back-to-back with a large relativistic boost. 
Their spin vectors tend to be either aligned with their direction of travel 
(positive helicity), or opposite it (negative helicity). Since the Z is a spin 1 
boson while taus are spin 1/2 fermions, the 7+ and 7- are produced with 
opposite helicities (with negligible corrections due to the tau mass). The 
observed preference is for the production of a positive helicity 7+ with a 




Here er+ is the cross section for the production of a positive helicity ,..- , and 
er_ is the cross section for the production of a negative helicity ,..- . The 
overall average value of Pr measured in this work is about -0.13. That this 
value is different from zero is due to parity violation in the weak neutral 
current: events which are mirror images of each other are not equally likely. 
The tau polarization varies depending on the tau production angle. It is 
strongest in the forward direction, where the ,..- continues in the direction 
of travel of the beam e-, and it is weakest in the backward direction. The 
angular dependence is described (at tree level) in terms of an electron cou-
pling Ae and a tau coupling Ar· These are expected to be equal if lepton 
universality holds in the weak neutral current. 
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Here g~ and g~ are the vector and axial vector coupling constants of the Z to 
charged leptons, and their ratio is a small number. If() is the angle between 
the,..- and the beam e-, then [1], 
Pr (cos O) = _ Ar(l + cos2 0) + Ae(2 cos 0). 
(1+cos2 0) + ArAe(2 cos 0) (1.3) 
The ArAe term is small and may be neglected for the purpose of discus-
sion. Then Ar appears without an angular dependence. Ae, on the other 
hand, cancels out when the expression is integrated over a symmetric range 
in cos 0. The two quantities Ar and Ae are nearly uncorrelated and may 
be measured independently. The average polarization Pr is approximately 
-A'T; this quantity describes Z decay to tau pairs. The forward-backward 
asymmetry of the polarization is related to Ae, and describes Z production 
from unpolarized beam electrons. Most of the systematic uncertainties in 
the measurement of P'T are independent of angle, and therefore do not affect 
Ae. 
Tau polarization tests lepton universality in the weak neutral current. 
It also measures the relative sign of the vector and axial vector coupling 
constants. Finally, it provides an accurate measurement of the effective weak 
mixing angle: 




The tau spins are analysed using the kinematic distributions of the tau decay 
products given by the V -A nature of the weak charged current, which is here 
assumed to be exact [2, 3]. The equal magnitude of the vector (V) and axial 
vector (A) couplings means that the current couples only to fermions of a sin-
gle handedness. The minus sign in this convention implies that the coupling 
is to lefthanded fermions. Handedness is equivalent to helicity for massless 
fermions: lefthanded is negative helicity, righthanded is positive helicity. For 
fermions of nonzero mass, handedness and helicity are not equivalent. A 
reference frame can always be found in which helicity is reversed; but the 
handedness of the coupling is invariant, and the tau lifetime does not depend 
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on the helicity of the tau in the laboratory reference frame. The helicity 
does however determine the angular distribution of decay products, since it 
reflects the orientation of the tau spin in the tau rest frame. 
Another way of saying this is to observe that tau decays include at least 
one neutrino in order to conserve lepton number. It is the absence of right-
handed neutrinos in nature (together with the need to conserve angular mo-
mentum) that induces a difference between the angular distribution of decay 
products for a tau of positive helicity and for a tau of negative helicity. 
While polarized e+e- andµ+µ- pairs are also produced in Z decay, these 
leptons do not decay in the detector and so cannot be spin analysed. Hadronic 
decays of the Z may be susceptible to spin analysis, but the problem is 
complicated by fragmentation effects. 
Five tau decay channels are used in the analysis, r --t evv, r --t µvv, 
r --t 7rv, r --t pv and r --t a1v, together accounting for over 80% of all tau 
decays. Only the a1 decay to three charged particles is used. Kaons are 
not distinguished from pions in this analysis, and decays involving kaons are 
generally treated as background. (An exception is the Kv channel, which is 
kinematically similar to 7rv, and is treated as 7rv.) Background contributions 
are varied by their uncertainties due to reconstruction and branching ratios 
for an estimate of the systematic uncertainty on the polarization. 
Events in the data are preselected to remove high-multiplicity hadronic 
Z decays and other background processes. All tracks are then assigned iden-
tification as an electron, a muon, or a pion (hadron), using a neural net al-
gorithm and information from the tracking chambers and calorimeters [4, 5]. 
The identification depends mainly on the measured track ionization and on 
the shower development in the calorimeters. After the tracks are identified, 
photons are reconstructed from showers in the electromagnetic calorimeter 
[6] and from conversion pairs in the tracking chambers. If the invariant mass 
of two photons falls within a window around the 7ro mass, they are combined 
to form a resolved 7ro candidate. Single electromagnetic showers above an 
energy threshold are also counted. These are merged 7ro candidates. 
The reconstructed event is divided into two hemispheres corresponding 
to the r+ and r- decays. Each side is classified into one of the tau decay 
channels using the number of photons and 7r0 's and the number and identity 
of tracks on that side. Ambiguous cases are classified as unknown. 
Background from sources other than tau pair events is rejected using 
mainly requirements on the hemisphere opposite the hemisphere under con-
sideration. These requirements minimize the potential bias introduced in the 
energy spectra, which are used in the polarization fit. 
A polarization estimator is calculated for each hemisphere, and a fit is 
performed to a full Monte Carlo detector simulation for each channel and 
for each angular region in the detector. For the evv, µvv, and 7rV channels, 
the polarization estimator is simply the energy of the charged track, divided 
by the beam energy. The charged track energy is measured using the track-
ing chambers in the µvv and 7rV channels, and using the electromagnetic 
calorimeter in the evil channel. 
In the case of the vector meson channels, some of the tau polarization 
information has entered the spin state of the meson, and is recovered by 
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analysing the meson decay. This produces three observables in the pv chan-
nel, and six in the a1v channel. The information in these observables is 
condensed into a single probability density variable w [7], which is used as 
the polarization estimator in the fit. 
Chapter 2 
Theoretical Motivation 
Matter is believed to consist of quarks and leptons interacting via the elec-
troweak, strong, and gravitational forces [8]. Gravitation is the weakest of 
these forces, and does not affect the phenomena concerned here. 
The strong force is felt by quarks but not by leptons. As described by 
quantum chromodynamics, it is mediated by massless gluons which couple to 
a charge known as color. Quarks carry one of three colors while leptons are 
color neutral. Gluons carry a color and an anticolor. They are consequently 
capable of coupling to other gluons as well as to quarks. 
In processes with high momentum transfer (q2 ), the quarks behave as free 
particles (asymptotic freedom), and strong interactions can be described by 
perturbative calculations. Perturbative calculations break down for longer 
range processes at low q2 , since the force increases with distance. This behav-
ior is attributed to gluon-gluon coupling [8]. As a result, quarks are confined 
to color neutral hadrons. These are either baryons consisting of three quarks 
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or mesons consisting of a quark-antiquark pair. Free quarks have not been 
observed in nature [9]. 
Evidence for the gluon originates in three jet events from e+e- annihi-
lation [10], where the three jets of hadronic particles are interpreted as the 
descendents of a quark, antiquark, and gluon produced at high q2 • 
2.1 Electroweak Interactions 
The current description of electroweak interactions unifies two historically 
different forces, electromagnetism and the weak nuclear force. These two 
forces seem very dissimilar. Electromagnetism acts over long ranges with a 
massless photon which conserves parity. The weak force, on the other hand, 
violates parity and is limited to short ranges (comparable to the size of the 
atomic nucleus) by the mass of its vector bosons, the w+, w- and z. 
The Glashow-Weinberg-Salam model [11] describes electroweak interac-
tions as mediated by two fields, W11 and B11 , both of which violate parity. W11 
couples to the three components of weak isospin with a coupling constant g. 
B11 couples to weak hypercharge with a coupling constant g'. The assignment 
of isospin JI, isospin third component I~, and hypercharge YI to the fermions 
of the first generation is shown in Table 2.1. These numbers depend on the 
handedness of the fermion, but in each case they combine to form the electric 
charge q1: 
1 
qi= I~+ -YI. 2 (2.1) 
fermion Ji I~ yi qi 
VeL +! 2 +! 2 -1 0 
€L +! 1 -1 -1 2 -2 
€R 0 0 -2 -1 
UL +! 2 +! 2 +! 3 +i 3 
dL +! 1 +! 1 2 -2 -3 
UR 0 0 +1 3 +~ 
dR 0 0 2 1 
-3 -3 
Table 2.1: The assignment of isospin Ji, isospin third component I~, hyper-




The charged bosons w+ and w- are constructed immediately from the 
first two components of Ww However, the model mixes the third component 
of Wµ with Bµ for two new fields, corresponding to the photon (Aµ) and the 
Z: 
Aµ= Bµ cos Ow+ w; sin Ow (2.2) 
Zµ = -BµsinOw + w;cosOw. (2.3) 
The observation that the photon does not violate parity amounts to a deter-
mination of the mixing angle Ow in the model, where the electric coupling 
constant e works out to 
e = gsin Ow= g' cos Ow. (2.4) 
As a result, the photon has a pure vector coupling, thew+ and w- have 
pure V - A coupling (implying maximal parity violation), and the Z has 
separate vector and axial vector coupling constants g? and g~, 
f Jf 2 . 2 0 9v = 3L - QJ sm w 
gf - Jf A - 3L· 
(2.5) 
(2.6) 
These couplings are shown in Table 2.2 for the first generation of fermions. 
While the photon remains massless, the weak bosons are given masses 
1 
Mw = -vg 2 
(2.7) 
fermion gi g~ 
Ve +0.500 +0.500 
e -0.033 -0.500 
u +0.189 +0.500 
d -0.344 -0.500 
Table 2.2: Vector and axial vector couplings gt and g~ of the Z to the first-
generation fermions, using sin2 Ow= 0.2334. 
(2.8) 
by the Higgs mechanism [12]. Here vis the vacuum expectation value of the 
Higgs field }1/../2GF = 246 GeV. Equations 2.7 and 2.8 yield 
• 2 () Mtv 
sm w = 1 - Mi , (2.9) 
which serves as one definition of the weak mixing angle. The measured values 
of the weak boson masses are Mw = 80.22 ± 0.26 GeV and Mz = 91.187 ± 
0.007 GeV [9]. At tree level, this definition is equivalent to the definition 
based on the measured effective coupling constants near the Z resonance; 
however, there are higher order corrections which lead to differences between 
the two definitions. Consequently, the quantity measured in this thesis will 
be distinguished as the effective weak mixing angle: 
1 I 
sin2 ()~ = -4(1 - gr). 
gA 
(2.10) 
The electron, its partner neutrino, and the up and down quarks constitute 
ordinary matter. However, two further sets of fermions with similar prop-
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erties have also been observed in experiments (although the third neutrino 
has not yet been observed directly). These second and third generations of 
matter contain progressively more massive charged fermions. E.g., the muon 
and tau are heavier versions of the electron. Barring the differences in mass, 
the three generations appear to be exact duplicates of each other. 
The charged leptons and up- and down-type quarks are found in both 
positive and negative helicity states, since they have mass. Neutrinos are 
massless or nearly massless, and have only been observed in a negative helicity 
state which can take part in weak interactions with matter. Correspondingly, 
only positive helicity antineutrinos are known. 
The weak decay of quarks is described by the Cabibbo-Kobayashi-Mas-
kawa matrix [13], in terms of mixing angles with lighter quarks. Studies of 
kaon decay show effects which are not invariant when both charge and parity 
are reversed. While the origin of this CP violation is unknown, a description 
of the phenomenon is given by a OP-violating phase in the CKM matrix. 
The electron appears to be stable [9]. The heavier charged leptons un-
dergo weak decay to their partner neutrinos and other decay products. Neu-
trino decay or mixing has not been observed, but is currently under investi-
gation [14]. 
2.2 Electroweak Measurements at LEP 
The Z resonance is used to describe e+e- annihilation at center-of-mass en-
ergies (.JS) near the Z mass. The differential cross section in terms of the 
fermion production angle () is [l, 8]: 
duaoRN 
dcos () - l67r[(s - M~)2 + (srz/Mz)2] (2.11) 
x [(g~ 2 + g_A 2 )(gt 2 + gi 2)(1 + cos2 0) + 4gygA_gtg~ (2 cos O)]. 
This form does not include nonzero fermion masses, higher order diagrams, 
the photon propagator, or the t-channel process for e+e- final states. 
The first step in electroweak measurements at LEP [15] was to measure 
the s-dependence of the cross section for observable final-state fermions. In-
tegrating over cos (), 
8 aiM~sNt e 2 e 2 )( 12 12 
uaoRN = 3 l67r[(s - M~)2 + (srz/Mz)2] (gv + 9A 9v + 9A ) (2.12) 
The Z lineshape yields measurements of the Z mass Mz and width rz. The 
partial widths for Z decay to the observable fermions, 
(2.13) 
yield measurements of the coupling constants. The partial widths also lead 
to the invisible decay width of the Z, rinv = rz - rvis, attributed to Z decay 
to neutrinos. The measured value corresponds to 2.983±0.025 light neutrino 
species [9]. This result suggests that the three known generations of matter 
are the only ones found in nature. It also constrains Z decay to any unknown 
type of invisible particle. 
13 
14 
The observed hadronic and leptonic partial widths also confirm the num-
ber of fermion colors N/;, which is 3 for quarks and 1 for leptons. 
The vector and axial vector coupling constants, g{, and g~, are deduced 
from a combination of measurements [16]. The partial widths are a function 
of g{, 2 + g~ 2 , placing the values of g{, and g~ on a ring in the (g{,, g~) plane. 
Asymmetry measurements are complementary to this constraint, as they 
depend on Ah a different combination of the coupling constants: 
(2.14) 
For the case of the charged leptons, lower energy studies of photon-Z inter-
ference and neutrino scattering [17] indicate that jg~ I « lg~ I and g~ < 0. 
Then A1 is approximately 2g~ / g~. 
The forward-backward charge asymmetry AFB is defined in terms of the 
cross sections for forward and backward scattering, O"F and O"B. These are 
obtained from the cross section in equation 2.11 by integrating over cos fJ > 0 
and cos(} < 0. At y'S = Mz, the dominant Z term yields 
(2.15) 
Away from y'S = Mz, photon-Z interference (and a different combination of 
g{, and g~) dominates AFB 
The products of Z decay are polarized. The decay preferentially produces 
a negative helicity fermion in association with a positive helicity antifermion 
(lefthanded production). If the cross section for lefthanded production is <J'_ 
and the cross section for righthanded production is <J"+, then the polarization 
is defined as 
p = <J'+ - (J'_. 
<J'+ + (J'_ 
(2.16) 
Here <J' + and <J' _ depend on the vector and axial vector coupling constants 
in the differential cross section, equation 2.11. They can be explicitly eval-
uated by rewriting the equation in terms of left- and righthanded coupling 
constants: 
(2.17) 
gl - gf gf R- V - A· (2.18) 
The cross sections for left- and righthanded production are then evaluated 
with g~ = 0 and g£ = 0 respectively [18]. (LEP circulates longitudinally 
unpolarized beams, so gi, and gR_ are not affected. Longitudinally polarized 
beams at SLC allow additional asymmetry measurements such as ALR, which 
is directly comparable to Ae [19].) 
Using the definition of the polarization in equation 2.16, the angular 
dependence of the produced fermion polarization is: 
P(cosO) = A1(l + cos
2 0) + Ae(2 cos 0) 
(1 + cos2 0) + A1Ae(2 cos 0) · 
(2.19) 
This polarization is measured for taus by analyzing their V -A decays [2, 20]. 
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The resulting values for ~ and A,. are nearly uncorrelated. In fact, 
and 
3 POL ~~--AFB 4 (2.20) 
(2.21) 
where A~~L is the forward-backward asymmetry of the polarization, and P,. 
is the average polarization integrated over cos (). 
The electron and tau couplings are expected to be equal by lepton uni-
versality, which is tested by this measurement. The relative sign of g{,. and 
g~ is also tested, for the electron and tau. (In the sign convention defined 
by equations 2.17 and 2.18, g{,. and g~ are both expected to be negative [8].) 
Finally, the measurement yields a value for the effective weak mixing angle 
sin2 6UJ = HI - g{,. / g~). 
Chapter 3 
LEP and the ALEPH Detector 
The Large Electron Positron collider (LEP) occupies a 27 km circumference 
tunnel in the French-Swiss border region near Geneva [21]. Around 3300 
bending dipole magnets and 800 focusing quadrupole magnets, as well as 
sextupoles and orbit correctors, are used to store counterrotating beams of 
electrons and positron at beam energies near 45.6 GeV. The e+e- center of 
mass energy is chosen to lie on the Z resonance. The beams are brought into 
collision at four major experimental areas on the ring, at which the ALEPH, 
OPAL, DELPHI, and L3 experiments are located. 
3.1 LEP 
LEP began operation in 1989, and has now exceeded its design luminosity 
of 1.7 x 1031cm-1s-1• By 1994 it had delivered several million Z particles to 
each experiment. In the near future the present RF cavities will be replaced 
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with superconducting RF cavities in order to reach the energy threshold for 
the production of w+w- pairs. 
The LEP injection chain is shown in figure 3.1 [22]. Electrons start out 
on a heated filament and are accelerated to 200 Me V in the LEP Linear 
Injector. Positrons are produced from a tungsten converter. Both electrons 
and positrons are then accelerated to 600 MeV. Bunches are formed and their 
currents are built up in the Electron Positron Accumulator. The beams are 
accelerated to 3.5 Ge V in the Proton Synchrotron and 22 Ge V in the Super 
Proton Synchrotron before being injected into the LEP ring. In LEP, the 
electron and positron beams circulate in the same beam pipe but are held 
apart vertically by electrostatic separators. The beams are then ramped 
to 45 Ge V and brought into collision at the four interaction points. Beam 
lifetimes exceed ten hours and are limited by bremsstrahlung from beam-
beam interactions [23]. Beam-gas interactions are held in check by a vacuum 
of 3 x 10-9 Torr. During the 1992 run, 4 on 4 bunch operation was replaced 
by 8 on 8 bunch operation. 
3.2 ALEPH 
The ALEPH detector [24] was built by collaborating institutes from 11 coun-
tries, working at the European Laboratory for Particle Physics (CERN). The 
detector is shown in figure 3.2 [25]. It was conceived to be isotropic and her-
metic, of similar construction in the barrel as in the endcaps and without 
cracks. Proven technology was employed for all subdetectors. The design 
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Figure 3.1: The LEP ring and injector chain 
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emphasis lay on precision tracking using a large Time Projection Chamber, 
and on fine-grained electromagnetic calorimetry using a lead and wire cham-
ber calorimeter. A large superconducting solenoid surrounding these two 
subdetectors provides a 1.5 T magnetic field. 
The iron return yoke of the magnet is interleaved with streamer tubes, 
forming the Hadron Calorimeter. This calorimeter and two layers of muon 
chambers lend pion/muon separation capability. Electron/pion separation is 
performed using track ionization (dE/dx) measurements in the Time Pro-
jection Chamber, as well as transverse and longitudinal shower development 
information from the Electromagnetic Calorimeter. The particle identifi-
cation estimators used in the analysis are discussed in the sections on the 
individual subdetectors. 
Luminosity calorimeters located close to the beam provide a high statis-
tics measurement of low-angle bhabha scattering for the purpose of deter-
mining integrated luminosity. 
Precision vertexing using a double-sided silicon strip vertex detector was 
added in 1991. 
3.2.1 The Vertex Detector 
The ALEPH Vertex Detector (VDET) [26] employs double-sided readout 
technology. It is constructed of 5 cm by 5 cm silicon wafers 300 µm thick. 
Perpendicular sets of aluminized strips are implanted on opposite sides of the 
wafer with a physical pitch of 25 µm and a readout pitch of 100 µm. Four 
Figure 3.2: View of ALEPH. The labels indicate 1) Luminosity Calorimeter, 
2) Inner Tracking Chamber, 3) Time Projection Chamber, 4) Electromag-
netic Calorimeter, 5) magnet coil, 6) Hadron Calorimeter, 7) Muon Cham-
bers, and 8) low-/3 quadrupole magnet. 
21 
22 
wafers form a face. There are 24 faces arranged into two layers at average 
radii of 6.3 cm and 10.7 cm. These typically yield two three-dimensional 
coordinates for each charged track passing through the VD ET. The coordi-
nates used are the radius rand polar angle </>in the plane perpendicular to 
the beam, and the distance z from the interaction point along the beam axis. 
A depletion voltage of 16 to 80 V applied between the two sides of the 
wafer clears the silicon of mobile charge. Electron-hole pairs left by a passing 
ionizing particle drift to opposite sides of the wafer and leave a signal on 
both. Capacitive charge division is used to deliver a three-dimensional point 
resolution of 12 µm with a signal-to-noise ratio of 18 to 1. It is necessary to 
extrapolate tracks from the outer tracking chambers back to the VDET in 
order to resolve pattern recognition ambiguities. 
After the loss of a few percent of the z side channels to radiation damage, 
a radiation monitor of four photodiodes was installed [26]. The monitoring 
system initiates a safe dump of the LEP beams if an uncontrolled beam loss 
is detected. 
The VDET has improved lifetime measurements and B-tagging. However, 
it is not needed for the purpose of measuring tau polarization, and track fits 
without VDET points are used in this analysis. 
3.2.2 The Inner Tracking Chamber 
The Inner Tracking Chamber (ITC) is a multi-wire drift chamber which 
provides tracking information to the Level-1 trigger within 3 µs of a beam 
crossing. Beam crossings occur every 23 µsunder four-bunch operation, and 
every 11 µs under eight-bunch operation. 
The drift chamber is cylindrical with an inner radius of 13 cm, an outer 
radius of 29 cm, and a length of 2 m. The wires are arranged axially. There 
are eight concentric layers of 96 to 144 sense wires each. Each sense wire, 
operated at 2.3 kV, is surrounded by a hexagonal pattern of field wires at 
ground potential (figure 3.3). Alternate layers are offset by half a drift cell, 
which helps to resolve the left-right ambiguity in the track reconstruction. 
The maximum drift distance within the drift cell is 6.5 mm, which translates 
into a maximum drift time of around 100 ns in the 80%-20% Ar-C02 gas 
mixture. 
Up to eight r</> coordinates are measured per track using single-hit elec-
tronics, with a resolution of around 100 µm. Limited z information (7 cm 
resolution) is obtained by comparing the arrival time of the pulse at either 
end of the sense wire. These coordinates are combined with coordinates from 
the Time Projection Chamber in performing the track helix parameter fit. 
3.2.3 The Time Projection Chamber 
The heart of the ALEPH detector is its large Time Projection Chamber 
(TPC) used to measure track momentum. The TPC also measures track 
ionization for the purpose of particle identification. It has a large wireless 
gas volume with an inner radius of 31 cm, an outer radius of 180 cm, and a 
total length of 440 cm (see figure 3.4). Each endplate is instrumented with 
23 
24 
e sense wire 
cell boundary 
O field wire 
+ calibration field wire calibration feed wire 
Figure 3.3: Sketch of an ITC cell, indicating the sense and field wire arrange-
ment. One field wire per cell is used for calibration. 
Figure 3.4: TPC layout and supports. The central high voltage membrane 
and field cages are shown. The endcap instrumentation is divided into 18 
sectors. The zigzags in the outer sector boundaries capture the last three 
points on straight tracks passing down outer sector cracks. 
18 wire chambers, the TPC sectors, operated in proportional mode. 
Ionization left by charged tracks is drifted to the endplates by a homoge-
neous electric field of 115 V /cm. This field is set up by a central membrane of 
graphite-coated mylar maintained at -27 kV, while the TPC sectors on both 
endplates incorporate cathode wire grids at ground potential. The inner and 
outer cylinders bounding the TPC volume form a field cage with 1.0 cm cop-
25 
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per bands at potentials stepping down uniformly to ground potential. The 
drift time of the ionized electrons is used to determine the z coordinate. 
A 1.5 T magnetic field parallel to the beam axis is provided by a NbTi su-
perconducting solenoid. The solenoid is located outside the Electromagnetic 
Calorimeter, and uses the 1.2 m thick iron absorber of the Hadron Calorime-
ter as its magnet return yoke. The stored magnetic energy is 136 MJ. Forces 
of 4000 tons act on the iron endcaps, which deform by about 3 mm [27]. The 
presence of the magnetic field reduces the diffusion of drifting ionization and 
permits preciser</> position measurements in the TPC. 
The uniformity of the magnetic field is critical to the momentum mea-
surement on the curved charged tracks. The main Bz field component as 
well as the residual Br and B.p components have been mapped throughout 
the tracking volume, and the resulting track distortions are corrected for [28]. 
Field distortions as well as changes in the drift velocity over time can be 
tracked using two ultraviolet Nd-YAG lasers which are set up to create 30 
straight ionization tracks in the TPC. 
The drift velocity, 5.2 cm/ µs, is used to compute the z coordinate from 
the arrival time of the ionization. The 91 %-9% Ar-C02 gas mixture follows 
athmospheric pressure with a constant overpressure of 7 mbar. 0 2 and H20 
impurities are held to 20 ppm each, which results in a signal loss under 1.5% 
per meter of drift length. 
Since ionization loss by a charged particle depends on particle mass and 
momentum, it can be used for particle identification (see figure 3.5). Ion-
ization measurements on up to 338 sense wires per track allow a dE/dx 
resolution of 7% [29]. For a Gaussian estimator, the difference between the 
measured dE/dx and the expected dE/dx for a given particle mass hypothe-
sis is divided by the dE/dx resolution. Particle identification uses two dE/dx 
estimators, based on the pion and electron mass hypotheses respectively. If 
less than 50 wire samples are available, both estimators are set to zero. 
Each TPC sector (see figure 3.6) holds sense wires strung over rows of 
copper pads, which couple capacitively to avalanches on the sense wires. 
Interspersed field wires shape the electric field around the sense wires. A grid 
of gating wires prevents positive ions from the avalanches from wandering 
back into the drift volume. It is electrostatically closed by driving alternate 
gating wires to ±100 V from their transparent potential. 
There are between 148 and 196 sense wires per sector, and between 909 
and 1326 pads measuring 0.6 cm by 3.0 cm. All are read out through ded-
icated channels with a preamplifier, pulse shaper, and flash ADC. There is 
no multiplexing. This is necessary because each channel is read out in 512 
time buckets over the 45 µs drift time of the TPC. Calibration signals can 
be injected at the pulse shapers, at the preampli:fiers inputs, and at the field 
wires. The pedestal, gain, and linearity of each channel are then calibrated 
using four reference voltage taps on the flash ADC. 
A track traverses a maximum of 21 pad rows and 338 sense wires. The 
wires are used for dE/ dx measurement, the pads for point resolution. Charge 
division between pads yields an r</> resolution of 180 µm. The z resolution is 
0.8 mm. The overall momentum resolution of the tracking system, including 
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Figure 3.6: The TPC sector edge showing the three wire grids and the copp.er 
pads which couple to avalanches on the sense wires. 
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Figure 3.7: ECAL layout. The magnet coil is located outside the ECAL. 
This prevents degradation of the ECAL energy resolution due to superfluous 
material. 
3.2.4 The Electromagnetic Calorimeter 
The Electromagnetic Calorimeter (ECAL) is designed for high granularity. 
Twelve barrel modules and twelve petal-shaped modules in each endcap cover 
3.9rr of the solid angle (see figure 3.7). Cracks between module active areas 
account for 2% of the barrel surface and 6% of the endcaps. The barrel has 
an inner radius of 185 cm and an outer radius of 225 cm. To avoid additional 
material in front of the calorimeter, it is located inside the superconducting 
solenoid. The endcaps are 251 cm from the interaction point, and extend 
down to 54 cm from the beam. 
Each module contains 45 proportional mode wire planes interleaved with 
sheets of lead (see figure 3.8). A heavy 80%-20% Xe-C02 gas mixture was 
chosen to minimize energy fluctuations from shower electrons propagating 
down the sense wires. Sheets of capacitively coupling cathode pads are laid 
out on each wire plane. Forty-five pads, one in each layer, form a projective 
tower of angular size 1° by 1° (3 cm by 3 cm) pointing back at the interac-
tion region. The tower is read out in three stories, corresponding to the first 
4 radiation lengths (10 layers of 2 mm lead sheet), the second 9 radiation 
lengths (23 layers of 2 mm lead sheet), and the last 9 radiation lengths (12 
layers of 4 mm lead sheet). These divisions are referred to as the three ECAL 
stacks. 256 channels are multiplexed to each ADC. The wire planes in each 
module are also read out for a global energy measurement without granular-
ity. Both cathode pad and wire plane readouts have an energy resolution of 
about 18%/VE, where Eis the shower energy in GeV. In the case of the pad 
readout there is a clusterization correction for energy lost to below-threshold 
stories on the periphery of the shower [31]. 
The transverse and longitudinal development of the shower is used to 
distinguish electromagnetic showers from interacting pions. Electromagnetic 
showers occur earlier in the calorimeter and are more compact. Due to the 
fine granularity of the ECAL, compactness can be measured as the fraction 
of the total shower energy contained in the four central towers around the 
extrapolated track. Three particle identification estimators are constructed 
from this fraction of the total energy in the four central towers, one for each of 




Figure 3.8: One ECAL layer with lead sheet, wire plane, and capacitive 
cathode pads. 
of the associated track is used as a fourth particle identification estimator. 
3.2.5 The Hadron Calorimeter and Muon Chambers 
The Hadron Calorimeter (HCAL) uses a 2580 ton iron absorber which also 
serves as the magnet return yoke of the superconducting solenoid. There are 
22 layers of 5 cm iron slabs plus a final 10 cm layer, for a total depth of 
1.2 m or 7 interaction lengths. The barrel and endcap modules are rotated 
by 32. 7 mrad with respect to the ECAL to avoid an overlap of calorimetry 
cracks. The barrel has an inner radius of 300 cm and an outer radius of 
468 cm. The endcaps are 315 cm from the interaction point, and extend 
down to 45 cm from the beam. 
Wire chambers in front of each iron layer are operated in streamer mode 
using a 13%-57%-30% Ar-COrisobutane gas mixture. Capacitive pads over 
the streamer tubes are connected into projective towers of about 3° by 3° 
angular size. The pad readout measures the energy of hadronic showers by 
effectively counting the number of wire hits in the tower. It has an energy 
resolution of 84%/../E. Capacitive strips along the wires are also read out 
for a two-dimensional digital hit pattern. 
This digital hit pattern is characteristic by particle type. An electron 
(which may enter through an ECAL crack) leaves a short compact shower. 
A muon leaves a long straight string of hits. A pion leaves a shorter string 
which ends in a nuclear interaction and a burst of tracks going in all directions 
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Figure 3.9: Typical HCAL digital tube hit patterns due to a 10 GeV electron, 
muon, and pion [24]. 
The quantification of these properties is complicated by an HCAL tube 
inefficiency of about 15%, which depends on particl~ type and is poorly sim-
ulated in the Monte Carlo. The ARBOR algorithm [32] assembles the hit 
pattern into "trees" while tolerating individual missing hits. Particle iden-
tification estimators for tracks extrapolated into the HCAL are the number 
of associated trees and, for the closest tree, the length, residue, crookedness, 
energy, svelteness, distance to track, and angle to track of the tree. Of these, 
tree length provides the clearest pion-muon separation. 
The HCAL is surrounded by two double layers of muon chambers. These 
use the same wire chambers as the HCAL and the same gas mixture. There 
are readout strips both parallel and perpendicular to the wires, and there is 
no pad readout. Muons above 2.5 GeV penetrate the HCAL and leave up to 
4 three-dimensional hits in the muon chambers. Particle identification uses 
the distance d between the extrapolated track and any muon chamber hits, 
in the form e-d/do, where do is the error on the extrapolated track position 
due to tracking resolution and multiple scattering in the HCAL. 
3.2.6 The Luminosity Monitors 
The integrated luminosity is measured using the Luminosity Calorimeter 
(LCAL). The LCAL is constructed similarly to the ECAL, with 38 layers 
of lead and wire chambers, and with cathode pads read out in three stacks 
of projective towers. It uses the same 80%-20% Xe-C02 gas mixture as the 
ECAL. The inner radius of the LCAL is 10 cm, the outer radius is 52 cm, 
and the distance either side of the interaction point is 263 cm. 
A new solid state calorimeter, SICAL, was installed in September 1992 
[33). It has 12 layers of tungsten sheets interleaved with silicon pads. The 
inner radius is 6.0 cm, the outer radius is 14.6 cm, and it is located 250 cm 
to either side of the interaction point. 
Feedback to the LEP control room on the instantaneous luminosity is pro-
vided by small blocks of interleaved tungsten and plastic scintillator, BCAL, 
located beyond the low-,B quadrupoles 771 cm from the interaction point. 
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3.2. 7 The Trigger 
The Level-1 trigger is required to come to a decision within 5 µsin order to 
clear the readout for the next beam crossing, which occurs after 11 µs. It 
uses up to 32 overlapping trigger types based on tracks in the ITC, energy 
deposits in the ECAL and HCAL, and combinations thereof. There are also 
special triggers for events in the luminosity calorimeters. 
In the event of a Level-1 Yes, the TPC is read out over its 45 µs drift time. 
In the Level-2 trigger, TPC information is substituted for ITC information 
and some beam-gas events are rejected. These two triggers are implemented 
in hardware. The Level-3 software trigger is based on a partial event recon-
struction and uses correlations between the subdetectors. Some cosmic ray 
events are rejected at this stage. The final rate of events written to tape is 
1-2 Hz. 
Due to the low cross sections and low backgrounds at LEP, the trigger 
system can afford to accept all e+e- interactions. The tau selection cuts of 
two back-to-back tracks with a thrust axis I cos Bl < 0.9 place these events in 
a region of good trigger acceptance. 
Chapter 4 
Neural Net Particle 
Identification 
The charged tracks used in the polarization fit are identified using an artificial 
neural net trained on Monte Carlo. Its performance is checked in data and 
Monte Carlo using tracks whose identities are known for other reasons. 
The practical problem is to recognize electrons, muons, and pions (had-
rons, in general) using 20 particle identification estimators associated with 
the track. The net consists of four layers of nodes (see figure 4.1). The 
first layer corresponds to the identification estimators. Each node in the 
next layer receives these values as inputs, and applies an individual weight 
to each value. It then compares the sum of these weighted inputs to a given 
threshold. If the sum is below threshold, the node takes a value near zero, 
which is then an input to the following layer of neurons; if the sum is above 
threshold, the node takes a value near one. This nonlinear response is an 
37 
38 
Figure 4.1: Schematic illustration of a feed-forward neural net with two hid-
den layers of nodes. There are three nodes in the output layer y, correspond-
ing to electron, muon, and pion identification. The weights w are chosen in 
training. The output of an individual node makes a smooth transition from 
zero to one when the sum of its weighted inputs exceeds a threshold. 
important feature of the neural net method. 
The training procedure chooses weights and thresholds which minimize 
the difference between the net's actual output and its desired output (this 
difference is called the error function). It uses forty thousand example tracks 
to optimize a few hundred weights and thresholds; consequently the net can-
not afford to learn individual cases but must concentrate on general features 
presented by the three particle types. 
The trained net has more capabilities than a simple linear combination of 
input estimators. Due to the nonlinear response of the nodes and the use of 
more than two layers it can implement logical operations such as 'and', 'or', 
and 'xor' [34]. However, the exact criteria that it uses for identification are 
not studied. The validity of the method depends entirely on its systematic 
verification using kinematically identified tracks in data and Monte Carlo. 
Neural nets can nearly reach the Bayesian limit given by the overlap 
of the input estimator distributions, and make optimal use of the available 
information (35]. 
4.1 Training 
The type of neural net used here is a feed-forward perceptron, trained by 
backpropagation (36, 37]. It has an input layer of 20 nodes, two hidden lay-
ers of 10 nodes each, and an output layer of 3 nodes. The output nodes 
correspond to electron, muon, and pion identification. The node with the 
greatest value determines the track identification; no tracks are left uniden-
tified. 
The input nodes take the values of the 20 particle identification estima-
tors: 
1. track TPC momentum 
2. track polar angle cos fJ 
3. track azimuthal angle </> 
4. dE/dx estimator, electron mass hypothesis 
5. dE/dx estimator, pion mass hypothesis 
6. ratio of ECAL energy to TPC momentum 
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7. fraction of the ECAL energy in the four central towers of stack 1 
8. fraction of the ECAL energy in the four central towers of stack 2 
9. fraction of the ECAL energy in the four central towers of stack 3 
10. fraction of extrapolated ECAL trajectory within ECAL crack 
11. number of ARBOR trees associated to track in HCAL 
12. - 18. tree length, distance to track, angle to track, residue, crooked-
ness, energy, and svelteness, for the ARBOR tree closest to the track 
19. inner layer muon chamber hit estimator e-d/do 
20. outer layer muon chamber hit estimator e-d/do 
These estimators are described in more detail in the chapter on the ALEPH 
detector. 
If the values of the nodes in the input layer and the first hidden layer are 
Xi and hi respectively, and the intervening weights are Wij, then the response 
of a hidden layer node is the sigmoid function 
where 
1 
hi = -(1 + tanh ~), 2 
20 




Here e is the difference of the sum of the weighted inputs and the threshold 
Ti. Although the sigmoid function changes most quickly near e = 0, it varies 
continuously and differentiably from 0 to 1 as e ranges from -00 to +oo. 
This differentiability is vital to the backpropagation of the error function 
during training. 
The error function is 
3 
E = 2:(Y1 - Y1) 2 , (4.3) 
l=l 
where the Yl are the actual values of the three output nodes, and Yl are the 
desired values: {1,0,0) for an electron, {0,1,0) for a muon, and {0,0,1) for a 
pion. This error function is propagated back to the earlier layers of the net, 
and a correction to each weight w is calculated: 
oE 
ow= -TJ-ow ( 4.4) 
where T/ is a learning parameter which drops exponentially during training 
in order to damp out oscillations in the final performance. 
The net is implemented using Jetnet 2.0 [38] and a dedicated Monte 
Carlo sample of 8000 electrons, 6000 muons, and 28000 pions. The weights 
are initially randomized. Then the net is trained on a randomly selected 
pion, followed by an electron and a muon within 2.5 Ge V / c of the same 
momentum as the pion. This ensures that the net is trained with the same 
momentum spectrum for each particle type and uses its momentum input 
only to correlate the other input estimators. The net is exposed to each 
track 103 to 104 times, for a total of 100 million exposures. 
Its performance on a different sample of Monte Carlo, after training, is 
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Sources of Monte Carlo particles 
track ID T--+ evil r--+ µvv T -t 7rV Z-t e+c z--+ µ+µ-
e 98.8 - 1.2 97.8 0.1 
µ - 99.2 1.4 - 99.4 
7r 1.2 0.8 97.4 2.2 0.6 
Table 4.1: Efficiency for Monte Carlo tracks with p > 3 GeV /c and 
I cos OI < 0.9. Statistical errors are smaller than the digits shown. The 
Monte Carlo sample used for the evaluation of efficiencies, systematic stud-
ies, and polarization fits is distinct from the Monte Carlo sample used for 
neural net training. 
shown in Table 4.1. 
Some qualitative observations on the neural net's behavior are possible. 
The net successfully learns basic tasks such as the separation of electrons 
and pions using dE/dx at low momentum, and using calorimetry at high 
momentum. It also learns more complicated behavior such as greater reliance 
on calorimetry when dE/dx is not available, and greater reliance on dE/dx 
when the track has passed through an ECAL crack, making the calorimetry 
unreliable. 
It learns from extreme cases: nets exposed to all tracks, including those 
at very low angle or low momentum, perform better inside the acceptance 
than nets trained exclusively on tracks inside the acceptance. 
Problems with the input estimator distributions can have unexpected 
consequences. For instance, a disagreement between 7r --+ µ misidentification 
in data and Monte Carlo was cured by a better calibration of the dE/ dx 
in Monte Carlo. This is surprising because dE/dx (at the available resolu-
tion) does not distinguish between pions and muons. Nevertheless, it plays 
a part in the overall decision which also involves the electron. This expe-
rience emphasizes the importance of the overall checks of identification and 
misidentification provided by the study of kinematically identified particles 
in data and Monte Carlo. This subject is discussed in the next section. 
4.2 Systematic Verification 
Highly efficient particle identification is necessary because cross-channel tau 
background washes out the sensitivity of the polarization estimator distri-
butions. For example, a high charged energy contribution leads to a less 
negative polarization in the pion channel, but a more negative polarization 
in the electron channel. This is due to the different spin dynamics of the 
decays. Non-tau background, which occurs mainly at the low and high ex-
tremes of the charged energy spectrum, must also be eliminated. 
Conventional systematic studies focus on the effect of varying or reversing 
cuts placed on the measured quantities. In the case of the neural net method 
the effective number of cuts is large, the cuts are not readily extracted from 
the net, and the correlations between estimators play an important part in 
the identification. 
Therefore, independently obtained samples of electrons, muons, and pions 
in the data and the Monte Carlo are used to perform a global check on 
particle identification and its effect on the polarization measurement [4, 5]. 
This global procedure is not concerned with the net's identification criteria 
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or its training Monte Carlo. It only measures agreement between the net's 
behavior on data and its behavior on the Monte Carlo used in the fit~ 
The procedure requires kinematically identified tracks. These tracks are 
selected without reference to the particle identification estimators associated 
with the track. Instead, kinematic identification looks for particular physics 
processes which lead to known particle types. It employs the track and 
photon kinematics, and uses the particle identification of other tracks in the 
event. This use of particle identification elsewhere in the event is unlikely to 
bias the resulting kinematically identified sample since particle identification 
efficiencies are on the order of 99%. 
Electrons from photon conversion are selected as kinematically identified 
electrons if they form a pair with an identified electron of opposite charge. 
The tracks must be closer than 4 mm at the point where the two track helices 
are parallel in the plane perpendicular to the beam, and they must have an 
invariant mass below 20 MeV. Both tracks in such a pair may be called 
kinematically identified electrons, if the respective opposite tracks are both 
particle identified electrons. 
Electrons from bhabha events, radiative bhabha events, and two photon 
processes are all selected from events with exactly two good tracks, where 
the opposite track is an identified electron and the total charge is zero. 
For bhabha electrons, the tracks must be back-to-back with an acollinear-
ity cos lhcL < -0.95, a thrust axis polar angle I cos Bl < 0.90, and a TPC 
momentum of at least 38 Ge V / c for each track. There must be no recon-
structed photons in the event. 
For radiative bhabha electrons, in contrast, there must be one or more 
reconstructed photons with a total energy above 5 GeV. The tracks must 
lie in opposite hemispheres and the total energy of tracks and photons must 
exceed 80 Ge V. 
For electrons from two photon processes, the TPC momentum of each 
of the tracks must lie between 1 and 20 Ge V / c. There must be missing 
momentum down the beam pipe such that the sum of track polar angles 
I cos O+ +cos O_I > 0.2. The total energy of reconstructed isolated photons 
in the event must be below 6 Ge V. 
Muons from muon pair events, radiative muon pair events, and two ph<r 
ton processes are selected using the same cuts as for electrons, with an iden-
tified muon as the opposite track. 
In this procedure some events withe -+ µ or µ -+ e misidentification cause 
kinematic misidentification. However, e/ µ confusion is at least an order of 
magnitude less common than other forms of misidentification and leads to 
no significant systematic uncertainties. Consequently, no attempt is made to 
correct for this kinematic misidentification, and the good agreement between 
data and Monte Carlo is noted for these cases. 
Pions are obtained from tau decay. Three prong a1 decays are selected 
by requiring three good tracks in the hemisphere, and a single good track 
below 35 Ge V / c in the opposite hemisphere. The two other tracks on the 
same side must be identified pions. The total energy and invariant mass of 
the three tracks must satisfy E3 '11" > ET(m~?r/m;). This condition is fulfilled 
by true a1 decays. It removes one prong decays with e+e- pairs from photon 
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conversion. The tracks are required to be separated by at least 10 cm at 
their point of impact on the ECAL, to avoid sample bias from correlated 
calorimeter estimators. 
For pions from rho decay, the selection requires a hemisphere with one 
good track and two photons. The photons must form an invariant mass 
within 35 Me V / c2 of the 7r0 mass. The 71"0 and the track must form an 
invariant mass within 100 Me V / c2 of the p mass. 
The resulting kinematically identified samples of electrons, muons, and 
pions cover the full momentum range, and have purities over 99%. 
A preliminary systematic check is to compare the input estimator distri-
butions in data and Monte Carlo. This check indicated the need to recalibrate 
the electron mass hypothesis dE/dx estimator for kinematically identified pi-
ons (see figure 4.2). It is not however capable of showing hidden correlations 
or quantifying the systematic uncertainty due to discrepancies. 
The global systematic check is performed by measuring the efficiency of 
particle identification on the kinematically identified samples. The efficiency 
is plotted as a function of momentum. If the ratio of efficiencies in data 
and Monte Carlo is flat, then there is no systematic bias, even though the 
individual efficiencies may not be flat. The efficiencies and efficiency ratios 
are shown in figures 4.3, 4.4, and 4.5. 
The systematic uncertainty on the polarization, from losses due to mis-
identification, is quantified by fitting the efficiency ratios with an analytic 
form for the polarization in the respective channels. The obtained polar-
ization offsets are consistent with zero, within errors given by the number 
Figure 4.2: After calibration, the electron mass hypothesis dE/dx estima-
tor for kinematically identified pions in data (points) and Monte Carlo (his-
togram). The electron mass hypothesis is disfavored by about three standard 
deviations. Tracks with fewer than 50 wire samples are placed at zero in both 
mass hypotheses since continuous distributions are more useful to the neural 
net training procedure. 
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Figure 4.3: Electron identification efficiency of kinematically identified par-
ticles plotted as a function of momentum in data and Monte Carlo, and the 
ratio of efficiencies in data and Monte Carlo. 
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Figure 4.4: Muon identification efficiency in data and Monte Carlo. 
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Figure 4.5: Pion identification efficiency in data and Monte Carlo. 
of kinematically identified tracks available. The results are discussed in the 
chapter on systematic studies. Systematic uncertainty from background con-
tamination due to misidentification is also discussed, using the plots of mis-
identification in data and Monte Carlo (shown in figures 4.6, 4.7, 4.8, 4.9, 
4.10, and 4.11). 
The plots of kinematically identified pions show a loss of efficiency at 
low momentum. This is due to their resemblance to low momentum muons. 
Muons below about 2.5 GeV /c stop in the HCAL and do not leave hits in 
the muon chambers. Above 3 GeV Jc the inefficiency is well simulated, and 
the muon and pion channel polarization fits use tracks starting at 3 Ge V / c. 
The greatest deviations from flatness seen in the efficiency plots are actu-
ally an artifact of the kinematic identification procedure. Radiative bhabhas 
and radiative muon pairs are used in the middle momentum range of the 
electron and muon plots. Here the efficiencies dip as low as 90%, and mis-
identification shows corresponding rises. However, the ratio of efficiencies 
remains fiat for both electrons and muons. 
These radiative events include additional photons which can lead to mis-
identification when they fall close to a track. Such tracks cannot be excluded, 
since cutting on quantities associated with the track (such as its ECAL clus-
ter) is against the spirit of kinematic identification. Leptons from tau decay 
do not suffer from this problem. Although the radiative samples are not rep-
resentative of the actual particle identification efficiency in this momentum 
region, they have been retained in order to measure a worst case polarization 
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Figure 4.6: Muon to pion misidentification ratio in data and Monte Carlo. 
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Figure 4. 7: Pion to muon misidentification ratio in data and Monte Carlo. 
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Figure 4.8: Electron to pion misidentification ratio in data and Monte Carlo. 
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Figure 4.9: Pion to electron misidentification ratio in data and Monte Carlo. 
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tie down the systematic uncertainty. 
The good agreement between misidentification in data and Monte Carlo 
is a cause for confidence in the simulation of effects such as photons which 
fall on top of tracks. The quantifiable stability of particle identification limits 
its contribution to the overall systematic uncertainties. 
Chapter 5 
Event Selection 
5.1 Event Sample 
In 1992 the ALEPH detector collected 22.3 pb-1 of data, which corresponds 
to approximately 700 000 Z decays to hadrons and 33 000 Z decays to tau 
pairs. Simulated Monte Carlo events were generated corresponding to nine 
times the luminosity of the tau pair events in data (and less for the non-tau 
backgrounds). 
After preselection, real and simulated events are stored in a reduced for-
mat. A Fortran common block containing track and photon lists as well as 
extensive associated information is written to disk as an unformatted binary 
file, for each event. The calibration and selection code is run automatically 
for each event read in from the file. This procedure minimizes the need for 
disk storage, and reduces the time required to run the analysis on all the data 
and Monte Carlo events from several days to twenty minutes. This economy 
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has permitted rapid and thorough study of systematic effects. 
5.2 Preselection 
Tau pair events in the Aleph detector are sufficiently distinctive that they can 
be separated from all other events with a purity near 99% and an efficiency 
above 50%. The remaining significant backgrounds are muon pair events and 
bhabha electron pair events. These events are included at the preselection 
stage so that they can be used in systematic studies later. 
The preselection rejects most events from two photon diagrams by requir-
ing that at least one track or photon in the event be reconstructed with an 
energy above 2.0 GeV. (These second-order QED processes characteristically 
produce high momentum electrons which continue down the beam pipe along 
with a few acollinear low momentum particles which enter the detector.) 
Cosmic rays and beam-gas events (due to the collision of beam particles 
with remaining gas particles in the beam pipe) are reduced to insignificance 
by requiring that reconstructed tracks come from the interaction region. 
Good tracks are required to come within 2.0 cm on their closest approach to 
the beamline (Idol), to be within 10.0 cm of the central plane of the detector 
at that point (lz0 1), to have a momentum of at least 100 MeV /c, and to be 
reconstructed from at least 4 hits in the TPC. A wider Idol cut of 5.0 cm is 
allowed for events with exactly two tracks. 
Most Z decays are to hadrons, and these events are rejected with a cut 
on track multiplicity (2-8), and a cut on the maximum opening angle of 
tracks in the same hemisphere (cos 0 > 0.85). Unlike the tight bundle of 
decay products from a highly boosted tau lepton, the numerous tracks from 
a hadronic event tend to emerge at large angles to each other. 
After these cuts the event sample consists mainly of Z decays to electron, 
muon, and tau lepton pairs. 
5.3 Converted Photons 
Photons from the interaction region occasionally interact with matter in the 
detector and undergo conversion into electron-positron pairs. The resulting 
tracks often do not pass the good track cuts described in the section on 
preselection, but still recognizably come from the interaction region. Conse-
quently a looser set of track cuts are used in the search for converted photons 
(and also in the search for bremsstrahlung electrons). Tracks are employed 
if they have at least three hits in the TPC and satisfy Idol < 20 cm and 
lzol < 40 cm. (The additional tracks passing these looser cuts are however 
not used later in the analysis.) Tracks that fail even these wider cuts are 
generally not related to the physics processes at the interaction point (e.g., 
beam-gas collisions, delta rays, and calorimetry backsplash), and are ignored 
throughout. 
Oppositely charged tracks with TPC momenta above 250 Me V / c which 
are identified as electrons are tested for consistency with the conversion hy-
pothesis. Since the tracking resolution is best in the r</> plane, the distance 
between the track helices is computed at the point where they are parallel in 
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this plane. Then the invariant mass at this point is computed, using the dip 
angles of the helices out of the r</> plane. 
If the distance between the helices is below 4 mm and the invariant mass 
is below 15 MeV /c2 , the tracks are removed from the analysis and the corre-
sponding photon is added to the photon list. In the event of multiple conver-
sion candidates employing the same track, the one with the lower invariant 
mass is used. 
5.4 Bremsstrahlung 
Some electrons lose energy in the form of photons after interacting with 
matter in the detector. If a reconstructed photon is found tangential to the 
track helix of an identified electron, then the photon is removed from the 
analysis and the track momentum is scaled up correspondingly. The photon 
must have entered the second stack of the ECAL more than 2 cm outside 
the extrapolated track helix in the r</> plane, and the dip angle from the 
interaction region to the photon must match the dip angle of the track helix 
to within 1.2°. 
5.5 Classification 
The classification cuts are intended to separate the tau decay channels from 
each other. Non-tau background is initially accepted; e.g., bhabha events are 
classified as two candidate electron hemispheres at this stage. Afterwards, 
non-tau background of this sort is rejected using cuts on the opposite hemi-
sphere. The purpose of performing the tau classification first is to achieve 
high selection efficiency by applying gentler cuts in channels less vulnerable 
to non-tau background, such as the rho and a1 channels. 
5.5.1 Electron Channel Classification 
A hemisphere with a single good track identified as an electron is an electron 
candidate. Any number of reconstructed photons are allowed, but they must 
not form a 7r0 mass between 80 and 230 Me V / c2• 
5.5.2 Muon Channel Classification 
A hemisphere with single good track identified as a muon is a muon candidate. 
Up to two photons not forming a 7ro mass are allowed. However, if photons are 
present, the track is required to have associated hits in the muon chambers. 
This is a precaution against misidentified pions. 
5.5.3 Pion Channel Classification 
The pion channel, requiring a single good track identified as a pion, is both 
the most sensitive channel, per event, and the most vulnerable to contami-
nation from other tau decay channels. A small contribution from tau decay 
to Kv is treated as signal; kaons are not differentiated from pions by particle 
identification, and this decay has the same kinematic behavior as 7rV decay 
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(except for a variation in the charged momentum spectrum below 1 Ge V / c, 
outside the fit region, which is due to the kaon mass). 
The main contamination in the pion channel is from tau decays involving 
a hadron and photons, which have large branching fractions. For this reason 
there are stringent cuts against evidence of real photons. 
However, some fake photons are permitted. Fluctuations in early had-
ronic showers in the ECAL can give rise to satellite outliers which are re-
constructed as photons. These fake photons are typically of low energy and 
close to the track, and often have a significant part of their energy in the 
third (last) stack of the ECAL. 
If the reconstructed photon deposit in the ECAL is contiguous with the 
ECAL deposit associated with the track, then the most restrictive quality 
cuts are applied. It must have more than 70% of its energy in the first two 
stacks of the ECAL. It must be more than 5 cm from the track at the point 
where it reaches the second stack of the ECAL. It must have a minimum 
energy which varies linearly from 400 MeV for photons more than 12 cm 
from the track, up to 1.8 Ge V for photons which are 5 cm from the track. 
If it passes these cuts, it is considered a good photon, and the hemisphere is 
not classified as a pion candidate. 
A photon not contiguous to the track deposit is considered a good photon; 
so is a photon reconstructed from a converted electron-positron pair. 
There are further limits on the remaining fake photons. They may not 
form a 7ro mass between 80 and 230 Me V / c2, and their total energy must 
lie under 5 GeV. The ECAL pad energy associated with the track must not 
exceed 80% of the track's TPC momentum. The sum of associated ECAL 
and HCAL energies must not exceed twice the TPC momentum. 
A final cut against misidentified electrons requires that, if the track has 
spent more than 10% of its ECAL trajectory in a crack, the gaussian dE/dx 
estimator for the pion mass hypothesis must not exceed 1.5 standard devia-
tions on the positive side. This is the side of the pion dE/dx distribution on 
which electrons would be found. 
5.5.4 Rho Channel Classification 
Photons used in the rho channel classification are required to have at least 
70% of their energy in the first two ECAL stacks. Hemispheres with one 
or two such photons are considered. A single reconstructed photon is hy-
pothesized to be the merged product of two photons from ?r0 decay if it has 
an energy of at least 4 Ge V. The track is then further required to be an 
identified pion, and the track and the photon must form an invariant mass 
consistent with the rho mass, between 500 Me V / c2 and 1.2 Ge V / c2• 
If there are two photons, but they are very asymmetric (their combined 
energy is above 25 GeV but the weaker photon is below 1.5 GeV), they are 
treated as a single photon with the same cuts as before. This is done because 
the ECAL granularity limits the accuracy of the reconstructed ?r0 mass in 
the limit of asymmetric photons. 
Two non-asymmetric photons must form a ?r0 mass between 80 and 200 
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Figure 5.1: 7ro mass peak. 7r0 's between 80 to 200 MeV /c2 are used in rho 
channel. The shift in the 7ro mass is included in the systematic uncertainty 
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Figure 5.2: Reconstructed invariant mass of rhos used in the rho channel 
polarization fit. The mass cuts are placed at 0.5 and 1.2 GeV /c2 • 
with the track. No particle identification of the track is required in this case. 
5.5.5 a1 Channel Classification 
Three tracks, none of which is identified as an electron, are required for 
a1 classification. At least one of the opposite-charge track pairs must have 
an invariant mass consistent with the rho mass, between 600 Me V / c2 and 1 
Ge V / c2 • Three-pion invariant masses greater than the tau mass are excluded 
by requiring that the polarization fit variable obtained for the hemisphere fall 
in the physically allowed region. 
No good photons are allowed in a 30° cone about the jet axis. An isolated 
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Figure 5.3: Invariant mass of opposite-charged pions in the a1 channel. The 
discrepancy at low invariant mass is included in the systematic uncertainty 
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Figure 5.4: Invariant mass of the three charged pions forming the a1 . 
Me V, with energy in at least two of the three ECAL stacks, of which the 
middle stack deposit is not the smallest. A photon contiguous to an ECAL 
deposit associated with a charged track is good if it is more than 2 cm from 
the nearest track and has an energy above 1 Ge V, with at least 100 Me V in 
the first stack. A photon reconstructed from an electron-positron conversion 
pair is also considered a good photon. 
5.6 Background Rejection 
Non-tau background is rejected using cuts on the opposite hemisphere. 
A cut on the angle of the thrust axis is applied to all events with candidate 




item evv µvv 7rV pv a1v 
candidates 5836 8208 5062 8045 3477 
acceptance (%) 48.4 68.8 60.0 46.5 52.4 
tau background (%) 2.0 1.3 7.0 7.0 8.3 
non-tau background (%) 1.4 1.0 1.1 0.4 0.1 
Table 5.1: Performance of channel classification and background rejection. 
axis (directed by definition towards the negative hemisphere) is required to 
lie between -0.9 and 0.9. This insures that the tau decay products fall in a 
region of good acceptance in both the calorimetric and tracking detectors. 
The overall performance of channel classification and background rejec-
tion is shown for all channels in Table 5.1. 
5.6.1 Electron Channel Background Rejection 
If the leading track in the opposite hemisphere is identified as an electron, the 
candidate is rejected. This cut is necessary because of the high rate at which 
electrons undergo bremsstrahlung, with the resulting photons occasionally 
lost in ECAL cracks. The bremsstrahlung process makes simple energy cuts 
unreliable against bhabha electron background, and is directly responsible 
for the lower selection efficiency in the electron channel than in the muon 
channel. 
Candidates with an identified muon as the leading track in the opposite 
hemisphere are considered relatively safe, since electrons are rarely misiden-
tified as muons. However, if the leading track in the opposite hemisphere 
is identified as a pion and has spent more than 1 % of its ECAL trajectory 
in a crack, then it must have a TPC momentum less than 30% of the beam 
energy. Any leading track in the opposite hemisphere must have a TPC 
momentum less than 75% of the beam energy. 
Events from two photon diagrams are rejected by requiring an event 
acollinearity greater than 160°, defined as the full angle between the two 
jets formed by the tracks present in each hemisphere. 
The polarization fit in the electron channel depends on the measured 
ECAL energy; this quantity is not well measured in the region where the 
ECAL barrel and endcap modules overlap such that a single track may leave 
electromagnetic deposits in both. This ECAL region is excluded from the 
analysis by requiring that the absolute value of the cosine of the angle between 
the beam and the event thrust axis not lie between 0.7 and 0.8. 
5.6.2 Muon Channel Background Rejection 
If the leading track in the opposite hemisphere is identified as a muon, and the 
TPC momenta of the leading tracks in each hemisphere are both greater than 
65% of the beam energy, then the candidate is rejected. This cut eliminates 
most muon pair background where both tracks are correctly identified as 
muons. If the leading track in the opposite hemisphere is identified as a 
pion, and the TPC momenta of the leading tracks in each hemisphere are 
both greater than 90% of the beam energy, then the candidate is also rejected. 
Since muons in the opposite hemisphere are not rejected across the board, 
more careful attention to low momentum muon pairs from two photon di-
71 
72 
agrams is necessary than in the case of the electron channel. These muon 
pairs tend to be lower and more evenly matched in momentum than tau de-
cay products. The TPC momenta of the leading tracks in each hemisphere 
are used in a number of cuts. 
The candidate is rejected if both of these momenta are below 6 Ge V / c. If 
their sum is below 40 GeV /c and their difference is below a cut which varies 
linearly from 0 GeV /cat 180° acollinearity to 5 GeV /cat 160° acollinearity, 
and the opposite track is not identified as an electron, then the candidate 
is rejected. If the acollinearity is less than 160°, the candidate is rejected. 
If the sum of momenta is below 30 Ge V / c and the difference is below 10 
Ge V / c, then the candidate is rejected if the leading track in the opposite 
hemisphere is identified as a muon and the magnitude of the cosine of the 
angle between the thrust axis and the beam exceeds 0.8. Many two photon 
muon pairs occur at low angles to the beam. 
The TPC momentum of the track in the candidate hemisphere is limited 
to 95% of the beam energy due to muon pair background. 
5.6.3 Pion Channel Background Rejection 
If the sum of the TPC momenta of the leading tracks in each hemisphere 
added to the total ECAL pad energy in the opposite hemisphere exceeds 
90% of the center of mass energy of the event, then the leading track in the 
opposite hemisphere is required not to be an identified muon with a TPC 
momentum above 45% of the beam energy. In a second cut against muon 
pair background, if the TPC momentum of the leading track in the opposite 
hemisphere exceeds 88% of the beam energy, then its associated ECAL and 
HCAL energies must correspond to at least 30% of the TPC momentum. 
Bhabha background is rejected with a series of three cuts. If the leading 
track in the opposite hemisphere is identified as an electron, then the total 
ECAL pad deposits in that hemisphere must not exceed 90% of the beam 
energy. If those deposits exceed 80% of the beam energy, then the pion 
candidate track in this hemisphere must not have spent more than 10% 
of its ECAL trajectory in a crack, if it has a TPC momentum above 50% 
of the beam energy. If this pion candidate track has a TPC momentum 
above 20 GeV Jc but its associated HCAL energy corresponds to less than 
5% of the TPC momentum, and the leading track in the opposite hemisphere 
is identified as an electron, then the magnitude of the cosine of the angle 
between the thrust axis and the beam must not exceed 0.7. 
If the TPC momenta of the leading tracks in each hemisphere are both 
below 20% of the beam energy, and the acollinearity is below 168.5°, then 
the candidate is rejected as two photon background. If the acollinearity is 
below 154.2°, the candidate is rejected in any case. 
The TPC momentum of the track in the candidate hemisphere is limited 
to the beam energy. 
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5.6.4 Rho Channel Background Rejection 
Non-tau background is rare in the rho channel, and the cuts are correspond-
ingly gentle. 
If the TPC momentum of the leading track in the opposite hemisphere 
exceeds 953 of the beam energy, or if the sum of ECAL pad deposits in 
the opposite hemisphere exceeds 953 of the beam energy, the candidate is 
rejected as possible muon pair or bhabha background. 
Two photon background is rejected by requiring that, if the TPC mo-
menta of the leading tracks in each hemisphere are both under 6 Ge V / c, the 
acollinearity must exceed 168.5°. 
Background from hadronic decays of the Z is rejected by requiring that, 
if there are two or more tracks in the opposite hemisphere, their invariant 
mass must lie below 2 Ge V / c2. 
5.6.5 ai Channel Background Rejection 
The only significant non-tau background in the a1 channel is from hadronic Z 
decays. These are rejected by requiring that, if there are two or more tracks 
and one or more photons in the opposite hemisphere, their invariant mass 
must lie below 2 Ge V / c2• 
Chapter 6 
Systematic Studies 
The tau polarization analysis is susceptible to a wide range of systematic 
uncertainties. The response of the ALEPH detector to electrons, muons, 
and pions over the full momentum range must be understood, as well as its 
response to photons. Subtle distortions in the energy calibration of calorime-
ters and tracking chambers must be controlled to the level of a few parts per 
thousand. Background contributions from tau pair events as well as other 
physics processes must be reliably quantified. Wherever possible, the predic-
tions of Monte Carlo simulation must be checked by direct comparison with 
data. 
6.1 ECAL Energy Calibration 
The Electromagnetic Calorimeter performs measurements of the energy of 
electrons and photons. These measurements are used in the electron and rho 
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channel polarization fits. 
Several alternatives are available in the electron channel. The TPC mo-
mentum of the electron yields one estimator. However, the resolution of this 
estimator is degraded by photon radiation from the electron track. The two 
available ECAL estimators recover these radiated photons, even when they 
are too close to the track to be separated from it by photon reconstruc-
tion. The ECAL wire and pad readouts are described in the chapter on the 
ALEPH detector. The wire plane estimator sums all energy deposits in the 
hemisphere. The pad estimator uses the cluster of above-threshold ECAL 
stories associated with the track, plus reconstructed photons. 
The estimator used in the polarization fit is the pad estimator, except 
when the extrapolated track passes through a crack between ECAL modules. 
In this case, the TPC momentum of the track, plus the reconstructed photons 
in the hemisphere, is used as the polarization estimator. 
·In the rho channel the polarization fit uses photon energies and angles as 
well as the TPC momentum of the track. Photons are reconstructed from 
the ECAL using the pad readout. 
The ECAL scale is calibrated using selected bhabha electrons which are 
nominally at the beam energy. The distribution of bhabha energies is ob-
served to be somewhat broader in data than in Monte Carlo. (The bhabha 
background in the electron channel is reweighted to account for this effect.) 
The mean values of the distributions agree after calibration. Here the gaus-
sian mean is derived from a fit to the pad energies between 95% and 105% of 
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Figure 6.1: The average bhabha energy as a function of cos(} in the detector. 
The data are the solid points, the Monte Carlo are the open points. The val-
ues are consistent with a 0.2% systematic uncertainty around their common 
mean (shown as the dotted band). 
0.1 % between data and Monte Carlo. The statistical error on the mean, due 
to the finite number of bhabha electrons available in the data, is 0.03% for 
the ECAL barrel, 0.08% for each ECAL endcap. Plots of the average bhabha 
energy as a function of run number and as a function of angle in the detector 
deviate up to 0.2% from their mean (see figure 6.1 for the average energy as 
a function of cos 0). Consequently, the scale uncertainty on the ECAL pad 
measurement is taken as 0.2%. This corresponds to a 0.011 systematic un-
certainty on the polarization in the electron channel. This scale uncertainty 
also applies to the photons used in the rho channel, and contributes a 0.004 
systematic uncertainty on the polarization in the rho channel. 
Several corrections are applied to the ECAL energy measurements. Elec-
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tromagnetic showers at high energy are measured slightly low, due to satu-
ration effects. The data are corrected by a factor 1 + (0.00078 ± 0.00006)E, 
determined from test beam data [39]. This correction has been checked to 
be valid for the 1992 data [40]. The effect is only important for electrons 
and photons close to the beam energy. It has no effect on the polarization in 
the electron channel, and introduces a 0.001 systematic uncertainty on the 
polarization in the rho channel. 
The most significant correction accounts for energy that has leaked be-
yond the cluster of ECAL stories which are above the required threshold of 
30 MeV, into neighboring stories which are not counted because they are 
below threshold. This clustering correction is around 0.12VE, where Eis the 
cluster energy in GeV. The uncertainty on the correction is about 0.03VE 
[41]. This correction only applies to the ECAL pad readout, since the wire 
plane readout captures all energy in the module. The systematic uncertainty 
on the electron channel polarization, for the standard pad estimator, is 0.033. 
The systematic uncertainty on the rho channel polarization is 0.007. The rho 
channel uncertainty includes the effect of the shift in ?ro mass between data 
and Monte Carlo seen in figure 5.1. 
The overall systematic uncertainties due to the energy scale and correc-
tions are 0.035 for the electron channel and 0.008 for the rho channel (this 
includes a 0.001 contribution from the uncertainty on the TPC measurement 
of the pion track momentum). 
A consistency check in the electron channel is to fit for the polarization 
using the alternate energy estimators. The standard ECAL pad estimator 
yields a polarization value of -0.233 ± 0.071 (statistical error only). The 
TPC track momentum plus reconstructed photons yields -0.237 ± 0.071. 
The TPC momentum alone yields -0.187 ± 0.077. The lesser resolution of 
the last estimator means that its difference from the first two estimators is 
1.6 expected standard deviations. The polarization values obtained using the 
different estimators are consistent. 
6.2 TPC Momentum Calibration 
The TPC track momentum measurement plays a central part in the polar-
ization estimators of all channels other than the electron channel. 
Residual distortions in the TPC magnetic field can change the track 
sagitta measurements in a way which depends on the angle of the track 
in the detector, and which depends on the charge of the track. Effects of this 
form can lead to a systematic uncertainty in the angular fit for the electron 
coupling Ae. 
In addition, any uncertainty in the absolute scale of the TPC momentum 
measurement leads to a systematic uncertainty in the average polarization 
measurement in each channel, and therefore in the overall tau coupling A,.. 
Muons from Z decay are nominally at the beam energy. A pure sample 
is obtained from two-track events with an acollinearity above 179° and an 
identified muon above 90% of the beam energy in the opposite hemisphere. 
The muon used in the study must have between 90% and 110% of the beam 
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Figure 6.2: Average corrected momentum in bins of cos 0 for positive muons 
selected from Z-peak muon pairs. 
The average momentum of these muons, normalized to the beam energy, 
is plotted against cos 0, where 0 is the angle between the track and the 
beam e-. A slope of -0.0052 ± 0.0004 is found for positive muons, and 
+0.0038 ± 0.0004 is found for negative muons. A correction obtained using a 
similar selection of Z-peak muons [42] is applied to the track sagittas in bins 
of cos 0. After this correction, the slopes are -0.0012 ± 0.0004 for positive 
muons (figure 6.2) and 0.0000±0.0004 for negative muons (figure 6.3). These 
remaining slopes lead to a systematic uncertainty of 0.001 on the value of 
Ae. 
The absolute scale of the TPC momentum measurement is left uncor-
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Figure 6.3: Average corrected momentum in bins of cos () for negative muons 
selected from Z-peak muon pairs. 
0.00012 in Monte Carlo. The difference, 0.00125 ± 0.00021, is treated as a 
systematic scale uncertainty in determining the polarization in each channel. 
The average cos() slope after correction ( -0.00078 ± 0.00036) is included 
in the scale uncertainty, but has a negligible effect on the individual chan-
nel average polarization values. The systematic uncertainties obtained are 
summarized in Table 6.1. 
The average muon momentum is also plotted as a function of <P angle in 
the detector (figure 6.4) and as a function of run number (figure 6.5), after 








Table 6.1: Systematic uncertainty in the average polarization measurement 
due to the absolute TPC momentum scale in data and in Monte Carlo. 
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Figure 6.5: Average momentum in bins of run number for muons selected 
from Z-peak muon pairs. 
6.3 Particle Identification 
Kinematically identified particles are used to verify the particle identification. 
These particles are selected in data and Monte Carlo without reference to 
the quantities used in particle identification. For instance, a track associated 
with two photons forming a 7T'o is taken to be a pion if the invariant mass of 
the track and photons lies on the rho resonance. This additional information 
could have been used to improve the efficiency of particle identification, and 
to reduce misidentification; instead, it is held in reserve for the systematic 
comparison of data and Monte Carlo. Samples of kinematically identified 
electrons, muons, and pions, obtained from a variety of physics processes, 
exist for a full range of track momenta. A description of the selection, and 
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plots of identification efficiency as a function of momentum, may be found 
in the chapter on particle identification. 
Particle identification classifies all tracks. The systematic uncertainty 
due to misidentification is estimated from the kinematically identified sam-
ples. Here the systematic uncertainty quoted for particle identification deals 
only with the momentum-dependent inefficiencies, that is, it concerns the 
hemispheres a given channel loses through misidentification. Contamination 
with misidentified particles from other tau decay channels, or from non-tau 
background sources, is dealt with in the discussion of background. 
To estimate the effect of momentum-dependent inefficiencies, the ratio of 
efficiencies in data and in Monte Carlo is plotted as a function of track mo-
mentum. This efficiency ratio is fit to an analytic form for the polarization 
in the electron, muon, and pion channels respectively. The results are shown 
in Table 6.2. Here the measured polarization offsets are consistent with zero, 
and their quoted statistical errors correspond to the number of kinematically 
identified particles available in the 1992 data. The systematic uncertainties 
for the electron and muon channels are obtained by linearly adding the mag-
nitude of the offset and its statistical error, yielding 0.003 for the electron 
channel and 0.005 for the muon channel. The pion channel suffers from a 
shortage of kinematically identified pions. To improve the statistical power 
of the method the 1992 polarization offset of +0.004 ± 0.007 is combined 
with the 1991 value of -0.001±0.011 [4], for an overall polarization bias of 
+0.003 ± 0.006. The polarization in the pion channel is corrected by -0.003, 
leaving 0.006 as the systematic uncertainty from particle identification in this 
Polarization shifts 
e -0.001 ± 0.002 
µ 0.002 ± 0.003 
'Tr 0.004 ± 0.007 
Table 6.2: Polarization shifts due to particle identification, obtained by fitting 
analytic forms for the polarization to the ratio of identification efficiencies in 
data and Monte Carlo. These are the shifts evaluated using the 1992 data. 
channel. The 1990· data has not been included due to differences stemming 
from the absence of the second layer of muon chambers, which was installed 
for 1991. 
The rho and a1 channels are topologically distinctive and therefore less 
dependent on particle identification than the other channels. In the rho 
channel, pion identification is only required in the case of a merged 7ro, con-
sisting of a single reconstructed photon. If there are two photons forming 
the 7ro, particle identification is not required. In the a1 channel the three 
tracks are merely required not to be electrons. The systematic uncertainty 
in these channels is estimated by weighting hemispheres in the polarization 
fit [5]. The weighting factor (applied to the data) is inversely proportional to 
the data-Monte Carlo efficiency ratio for the form of identification applied in 
the relevant hemisphere. Using this approach, the polarization is observed 
to vary by 0.001 in the rho channel, and by 0.003 in the a1 channel. These 




Background studies are described in detail in the sections organized by chan-
nel below. The method is described here in general outline. 
Background which enters a channel due to particle misidentification is 
studied using the ratio of misidentification in data and in Monte Carlo, as 
measured with kinematically identified particles. This is similar to the treat-
ment of inefficiency, which leads to the systematic uncertainty due to particle 
identification. Here, the systematic effect of varying the misidentified back-
ground is assessed by inflating or distorting the background distributions used 
in the polarization fit. This is done for both tau and non-tau backgrounds. 
Some rare tau decays involving kaons have poorly known branching ratios. 
These contribute to the systematic uncertainty from tau background since 
the particle identification method does not distinguish between pions and 
kaons. 
The problem of reconstructing photons close to the point of impact of 
charged tracks on the ECAL contributes to the uncertainty on the tau back-
ground. The cuts on good photons in the pion, rho, and a1 channels are 
varied in order to assess this uncertainty. 
Non-tau background cuts are generally energy-dependent and rely on the 
accuracy of the energy resolution and radiation tails simulated by the Monte 
Carlo. These cuts are examined for bias by individually reversing them. The 
sample of hemispheres rejected by a particular cut but passing all other cuts, 
is compared in data and Monte Carlo. 
6.5 Electron Channel Background 
The main tau background in the electron channel consists of hadronic tau de-
cays where 7r -+ e misidentification has occurred. These decays have a harder 
visible momentum than electron channel tau decays. Consequently they in-
fluence the polarization fit at the high end of the momentum spectrum. There 
is a shortage of kinematically identified pions in this high momentum range, 
and the available information leads to the choice to vary this background 
by 50% (see figure 4.9). The effect of this variation is a 0.013 systematic 
uncertainty on the electron channel polarization due to tau pair background. 
Though photons are allowed in the electron channel, no resolved rr0 is 
permitted. This cut removes mainly hadronic tau decays with rr0 's. It also 
removes some true electron channel decays which have radiated photons or 
have fake photons due to electromagnetic shower fluctuations. There is some 
disagreement between data and Monte Carlo. One hundred hemispheres in 
the data and 70 hemispheres in the Monte Carlo fail this selection cut but pass 
all other requirements. However, these two samples appear to have similar 
decay channel composition: plots of data and Monte Carlo as a function of 
track dE/dx and reconstructed rr0 mass differ in normalization but agree in 
shape. Plots of acollinearity and cos(} also agree. The possibility that the 
excess in data is caused by bhabha electrons with fake rr0 's is examined by 
plotting the TPC momentum of the leading track in the opposite hemisphere. 
No sign of bhabhas is found in either data or Monte Carlo. Any systematic 
effect is covered by the 50% variation of all tau background. 
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The cuts against non-tau background in the electron channel are reversed 
individually in order to study the background rejection. Hemispheres which 
are rejected by a particular cut, but pass all others, are compared in data 
and Monte Carlo. 
The first cut against bhabha background in the electron channel requires 
that the leading track in the opposite hemisphere not be an identified elec-
tron. This cut removes 8926 hemispheres in data and 10018 hemispheres in 
Monte Carlo (as normalized by luminosity; the energy distribution of the 
hemispheres removed is shown in figure 6.6). This discrepancy is significant 
and is due to the simulation of the bhabha energy spectrum in the Monte 
Carlo. After study, the broader peak in data is accounted for by reweight-
ing the surviving bhabha background by bin, changing its shape in the fit. 
The overall normalization of this background is not changed (if hemispheres 
beyond the beam energy are counted). 
The second cut against bhabha background guards against e -+ 71" mis-
identification of the leading track in the opposite hemisphere. The cut re-
quires that, if such a track is an identified pion and carries a TPC momentum 
above 30% of the beam energy, it must not have spent more than 1 % of its 
ECAL trajectory in an ECAL crack. The cut removes 361 hemispheres in 
data and 397 in Monte Carlo (see figure 6.7). The difference of 36 ± 23 
hemispheres is not considered significant. 
The third cut against bhabha background (and a few muon pair events) 
requires that the leading track in the opposite hemisphere have a TPC mo-
mentum below 75% of the beam energy. This cut removes 681 hemispheres 
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Figure 6.6: Energy distribution of the hemispheres removed by the first cut 
against bhabha background in the electron channel. The hemispheres re-
moved in data are shown by the points with error bars. The open histogram 
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Figure 6.7: Energy distribution of the hemispheres removed by the second 
cut against bhabha background in the electron channel. 
in data and 649 hemispheres in Monte Carlo (see figure 6.8). 
The cut against background from two photon processes requires the event 
acollinearity to be above 160°. This requirement removes 248 hemispheres 
in the data and 238 hemispheres in the Monte Carlo (see figure 6.9). 
Finally, hemispheres which fall into the overlap region between barrel 
calorimetry and endcap calorimetry are rejected. The cut is on the absolute 
value of the angle of the thrust axis to the beam, which must not lie between 
0. 7 and 0.8. This removes 986 hemispheres in the data and 982 in the Monte 
Carlo (see figure 6.10). This cut is intended to remove hemispheres with 
poorly measured ECAL energy from the electron channel polarization fit. 
The systematic uncertainties in the electron channel are summarized in 
160 
Figure 6.8: Energy distribution of the hemispheres removed by the third cut 
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Figure 6.9: Energy distribution of the hemispheres removed by the cut 
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Figure 6.10: Energy distribution of the hemispheres in the calorimetry over-
lap region removed by the last cut in the electron channel. 
Particle identification 0.003 
Tau background 0.013 
Non-tau background 0.006 
ECAL energy scale 0.011 
ECAL clustering correction 0.033 
Monte Carlo statistics 0.025 
Total systematic error 0.045 
Table 6.3: Summary of the systematic uncertainties on the polarization in 
the electron channel. 
Table 6.3. 
6.6 Muon Channel Background 
Tau background in the muon channel is due to 7r -+ µ misidentification in 
hadronic tau decays. As in the case of the electron channel, the study of this 
misidentification is made more difficult by the scarcity of high-momentum 
kinematically identified pions. Based on the available information, the tau 
background is varied by 50% (see figure 4.7), for a 0.013 systematic uncer-
tainty on the muon channel polarization. 
The primary cut against muon pair background in the muon channel 
requires that at least one of the two hemispheres have less than 65% of the 
beam energy, if the leading track in the opposite hemisphere is identified as a 
muon. A backup cut (for the case ofµ-+ 7r misidentification in the opposite 
hemisphere) requires that at least one of the two hemispheres have less than 
90% of the beam energy, if the leading track in the opposite hemisphere is 
identified as a pion. 
The first cut removes 30598 hemispheres in the data and 31138 hemi-
spheres in Monte Carlo (see figure 6.11). The second cut removes 155 hemi-
spheres in data and 116 in Monte Carlo (see figure 6.12). Both discrepancies 
are significant at the three standard deviation level. 
These discrepancies are due to persistent problems in the simulation of 
muon tracking resolution in the Monte Carlo. Normalized by luminosity, 
the muon pair Monte Carlo sample used in this analysis underestimates the 
93 
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Figure 6.11: Momentum distribution of the hemispheres removed by the 
primary cut against muon pair background in the muon channel. 
surviving muon pair background in the muon channel by a factor of two. 
Another Monte Carlo sample (in which the muon tracking problem is over-
corrected ), in turn, overestimates this background by a factor of three. 
For purposes of the polarization fit, the normalization of the surviving 
muon pair background is chosen by comparing the data and the Monte Carlo 
outside the momentum range used in the fit. (The polarization fit region 
ends at 95% of the beam energy in order to provide a statistically useful 
sample of background events for this normalization procedure.) Classified 
muon hemispheres with track momenta between 43 and 55 Ge V / c, which 
have passed all background cuts, are used in the comparison. The sample is 
progressively enriched in muon pair events by requiring the leading track in 
200 
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Figure 6.12: Momentum distribution of the hemispheres removed by the 
backup cut against muon pair background in the muon channel, where µ -+ 7r 
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Figure 6.13: Momentum distribution of the hemispheres removed by the first 
cut against two photon background in the muon channel. 
the opposite hemisphere to be above 0, 10, 20, or 30 Ge V / c. The remain-
ing tau pair events constitute between 68% and 19% of the sample. After 
subtracting them, an unchanging normalization factor of 2.0 ± 0.4 relative to 
the luminosity is found. The statistical uncertainty from this method corre-
sponds to a variation of the muon pair background by 20%, which changes 
the muon channel polarization by 0.008. 
Four cuts are applied against background from two photon processes. The 
first cut requires the event acollinearity to exceed 160°. This cut removes 153 
hemispheres in data and 105 hemispheres in Monte Carlo (see figure 6.13). 
The difference, 48 ± 15 hemispheres, is covered by the 50% systematic vari-
ation which is applied to two photon background in the muon channel. 
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Figure 6.14: Momentum distribution of the hemispheres removed by the 
second cut against two photon background in the muon channel. 
The second cut against two photon processes requires that at least one 
track in the event have more than 6 Ge V / c TPC momentum. This require-
ment removes 148 hemispheres in the data and 128 hemispheres in the Monte 
Carlo (mostly true tau hemispheres, see figure 6.14). The agreement is good 
at the level of 1.4 standard deviations. 
The third cut against two photon processes rejects hemispheres if the 
leading track in the opposite hemisphere is identified as a pion or a muon, 
the sum of the leading TPC momenta in the two hemispheres is below 40 
Ge V / c, and the difference of the leading TPC momenta is below a sliding 
cut, which varies linearly from 0 GeV /c for an event acollinearity of 180° to 5 
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Figure 6.15: Momentum distribution of the hemispheres removed by the 
third cut against two photon background in the muon channel. 
in the data and 284 in Monte Carlo (see figure 6.15). 
The fourth and final two photon cut considers events for which the abso-
lute value of the cosine of the thrust axis is greater than 0.8, and for which 
the leading track in the opposite hemisphere is identified as a muon. If the 
sum of the leading momenta in the two hemispheres is below 30 Ge V / c, and 
their difference is below 10 GeV /c, the hemisphere is eliminated. This cut 
removes 78 hemispheres in the data and 69 hemispheres in the Monte Carlo 
(see figure 6.16). 
The two photon background in the muon channel is varied by 50%, which 
changes the polarization by 0.001. The systematic uncertainties in the muon 
channel are summarized in Table 6.4. 
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Figure 6.16: Momentum distribution of the hemispheres removed by the 
fourth cut against two photon background in the muon channel. 
Particle identification 0.005 
Tau background, hadronic channels 0.013 
Muon pair background 0.008 
Two photon background 0.001 
TPC calibration 0.011 
Monte Carlo statistics 0.019 
Total systematic error 0.027 
Table 6.4: Summary of the systematic uncertainties on the polarization in 
the muon channel. 
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6.7 Pion Channel Background 
Tau background enters the pion channel through several mechanisms. Elec-
tron channel tau decays enter by way of e ~ 7r misidentification. According 
to the study of kinematically identified electrons in data and Monte Carlo, 
the simulation of e ~ 7r misidentification is good to 10% over the entire mo-
mentum range (see figure 4.8). Varying the electron channel background by 
10% does not change the pion channel polarization. 
Muon channel tau decays enter by way ofµ ~ 7r misidentification, which 
is accurate to 30% in the simulation (see figure 4.6). Varying this background 
by 30% produces a 0.003 change in the pion channel polarization. 
K* background enters the pion channel as Ki 71'±, K~7r±, and K± 7r0 • This 
background is varied by 10% to account for uncertainty in the r ~ K*v 
branching ratio. The resulting change in the pion channel polarization is 
0.003. 
Rho background enters the pion channel when photons are missed. The 
photon reconstruction efficiency is checked by varying minimum energy and 
minimum distance-to-track cuts for good photons. These tests are consistent 
with the effect of an overall variation of the rho background by 20%, which 
changes the pion channel polarization by 0.003. 
The search for bias introduced by the cuts against non-tau pair back-
ground is carried out by reversing these cuts individually. The hemispheres 
which are rejected by a particular cut, but pass all others, are compared in 
data and Monte Carlo. All cuts in the pion channel pass this comparison 
with agreement better than two statistical standard deviations, and most 
agree to better than one standard deviation. 
A cut against muon pair background requires that the total calorimetric 
energy in the opposite hemisphere exceed 30% of the TPC momentum of the 
leading track in that hemisphere, if the TPC momentum exceeds 88% of the 
beam energy. This cut leads to a fiat distribution of rejected hemispheres 
versus momentum, 25 hemispheres in data and 22 in Monte Carlo. 
The first cut against bhabha background asks that the total ECAL pad 
energy in the opposite hemisphere be less than 90% of the beam energy if 
the leading track in that hemisphere is identified as an electron. This cut 
removes 70 hemispheres in data and 60 in Monte Carlo. The momentum 
distribution of the hemispheres removed is shown in figure 6.17. 
The second cut against bhabha background requires that, if the TPC 
momentum of the track in this hemisphere exceeds 50% of the beam energy 
and the track spends more than 10% of its ECAL trajectory in an ECAL 
crack, then the sum of ECAL pad energies in the opposite hemisphere must 
be smaller than 80% of the beam energy. This cut removes 51 hemispheres 
in data and 62 in Monte Carlo, with the momentum distribution shown in 
figure 6.18. 
The third cut against bhabha background considers events for which the 
absolute value of the cosine of the thrust axis exceeds 0. 7, and where the 
leading track in the opposite hemisphere is identified as an electron. If the 
TPC momentum of the track in this hemisphere exceeds 20 Ge V / c, but its 




Figure 6.17: Momentum distribution of the hemispheres removed by the first 
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Figure 6.18: Momentum distribution of the hemispheres removed by the 












Figure 6.19: Momentum distribution of the hemispheres removed by the 
third cut against bhabha background in the pion channel. 
then the event is cut. This requirement removes 27 hemispheres in data and 
18 in Monte Carlo (see figure 6.19). This is the largest discrepancy found 
for the pion channel background rejection cuts, with a statistical significance 
of 1. 7 standard deviations. No systematic uncertainty is attributed to this 
difference. 
For the muon pair and bhabha background cuts, the generally good level 
of agreement between data and Monte Carlo confirms the understanding of 
µ -+ 7r and e -+ 7r misidentification obtained from kinematically identified 
particles. 
Since there is no additional bias attributed to these cuts, bhabha back-
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Figure 6.20: Momentum distribution of the hemispheres removed by the first 
cut against two photon background processes in the pion channel. 
cation. This produces a change of 0.003 in the pion channel polarization. 
Very little muon pair background enters the pion channel, and it does not 
contribute to the systematic uncertainty. 
There are two cuts against two photon background processes. The first 
cut requires an event acollinearity above 154.2° (cos() ACL < -0.90). This re-
moves 31 hemispheres in the data and 35 in the Monte Carlo (see figure 6.20). 
The second cut requires an event acollinearity above 168.5° (cos() ACL < 
-0.98) if the leading track momenta in each hemisphere are both below 
20% of the beam energy. This cut removes 47 hemispheres in data and 42 
hemispheres in Monte Carlo (see figure 6.21). 
The normalization of two photon background in the pion channel is known 
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Figure 6.21: Momentum distribution of the hemispheres removed by the 
second cut against two photon background processes in the pion channel. 
to 20% from the study of acollinearity and acoplanarity in the data and in 
the Monte Carlo. Varying the two photon background by 20% changes the 
pion channel polarization by 0.001. 
Systematic uncertainties in the pion channel are summarized in Table 6.5. 
6.8 Rho Channel Background 
Tau background in the rho channel is due to hadronic decays with more 
than one rr0 , where photons have been lost. The polarization is stable when 
an extra photon is allowed in the selection, so the simulation of photon 
loss in the Monte Carlo appears to be reliable. The observed variations are 
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Particle identification 0.006 
Tau background, muon channel 0.003 
Tau background, K* channel 0.003 
Tau background, rho channel 0.003 
Bhabha background 0.003 
Two photon background 0.001 
TPC calibration 0.004 
Monte Carlo statistics 0.009 
Total systematic error 0.013 
Table 6.5: Summary of the systematic uncertainties on the polarization in 
the pion channel. 
consistent with the 0.003 change in the polarization obtained when the multi-
?T0 branching ratios in the Monte Carlo are varied by 50%. The value 0.003 
is used at the systematic uncertainty on the rho channel polarization due to 
tau background. 
There are three cuts against non-tau background in the rho channel. The 
hemispheres which fail one cut but pass the others are compared in data and 
Monte Carlo. 
Bhabha and muon pair backgrounds are rejected by requiring that nei-
ther the ECAL pad energy nor leading track TPC momentum in the op-
posite hemisphere exceed 95% of the beam energy. This cut removes 394 
hemispheres in data and 290 hemispheres in Monte Carlo. The hemispheres 
removed are shown as a function of the rho channel polarization estimator in 
figure 6.22). The discrepancy consists of bhabha events peaked at high values 
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Figure 6.22: Polarization estimator distribution of the hemispheres removed 
by the cut against bhabha and muon pair background in the rho channel. 
problem is attributed to electromagnetic shower fluctuations which give rise 
to fake photons. These fake photons in bhabha events are more numerous in 
data than in Monte Carlo. The requirement on the ECAL pad energy in the 
opposite hemisphere reliably removes these cases. Nevertheless, remaining 
bhabha background in this region of the estimator distribution is varied by a 
factor of two for a 0.003 systematic uncertainty due to non-tau background. 
The cut against two photon background requires an event acollinearity 
above 168.5° (cos lhcL < -0.98) if the leading tracks in each hemisphere 
both have TPC momenta below 6 Ge V / c. The cut removes 105 hemispheres 
in data and 99 in Monte Carlo (see figure 6.23). 
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Figure 6.23: Polarization estimator distribution of the hemispheres removed 
by the cut against two photon background in the rho channel. 
the opposite hemisphere be below 2 Ge V / c2 if it contains two or more tracks. 
This cut eliminates 37 hemispheres in the data and 33 in the Monte Carlo 
(see figure 6.24). It removes little background in the Monte Carlo, but is 
retained as insurance against poorly simulated hadronic fluctuations. 
6.9 Rho Channel Photon Studies 
Photon and 7ro reconstruction account for the main systematic uncertainties 
on the rho channel polarization. Both resolved and merged 7r0 's are used in 
the analysis. A resolved 7ro consists of two reconstructed photons forming 
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Figure 6.24: Polarization estimator distribution of the hemispheres removed 
by the cut against hadronic background in the rho channel. 
a single reconstructed photon. The fraction of rhos with a merged 7r0 is 
shown as a function of 7ro energy in figure 6.25. The agreement between data 
and Monte Carlo is generally good, and the simulation correctly describes 
the transition to a larger merged fraction at higher 7ro energy. The merged 
fraction is slightly larger in the data for 7ro energies between 6 and 12 GeV 
[43, 44, 45]. 
Photons are reconstructed either from charged clusters associated with 
the ECAL impact of charged tracks, or from neutral clusters unassociated 
with tracks. There is good agreement between data and Monte Carlo on the 
energy distributions of the most energetic photon and second most energetic 
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Figure 6.25: Fraction of rho hemispheres using a merged 11"0 , as a function 
of 11"0 energy. The 4 GeV minimum energy requirement for merged 7r0 's was 
removed for the purpose of this plot. 
tons, is less well simulated. These photons tend to be farther from the track 
in data than in Monte Carlo. The difference is attributed to the simulation of 
hadronic showers, and does not seem to harm the reconstruction of resolved 
?r0 's: the simulated distribution of opening angles between the two photons 
is in excellent agreement with data, for both charged cluster photons and 
neutral cluster photons. 
Lacking an independent sample of kinematically identified ?r0 's, it is nec-
essary to study the stability of photon reconstruction and the influence of 
hadronic shower fluctuations by varying the cuts on good photons. Good 
photons are required to be farther than 2 cm from the impact of any charged 
track, and must have a given minimum energy. The two reconstructed pho-
tons of a resolved ?ro must each have at least 250 Me V. The single recon-
structed photon of a merged 11"0 must have at least 4 Ge V. The distance cut 
is varied in the range up to 20 cm, and the energy cut is varied up to 3 Ge V 
(resolved 7r0 ) or between 2 and 6 GeV (merged 7r0 ). 
The rho channel polarization variations obtained with these cuts are gen-
erally under 0.015. Some variation is expected due to the fact that the 
alternate cuts select different hemispheres. For example, raising the distance 
cut from 2 cm to 20 cm reduces the number of hemispheres in the fit from 
8035 to 5282. If the second sample is taken as a subset of the first, the 
statistically allowed difference between the two values obtained for the po-
larization is 0.018. This statistical variation does not give information about 
underlying systematic effects; however, it does limit the precision of studies 
of these effects. The systematic uncertainty on the rho channel polarization 
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Particle identification 0.001 
Photon reconstruction 0.015 
Tau background 0.003 
Non-tau background 0.003 
Energy calibration 0.008 
Monte Carlo statistics 0.008 
Total systematic error 0.019 
Table 6.6: Summary of the systematic uncertainties on the polarization in 
the rho channel. 
due to photon reconstruction is taken as 0.015. 
The systematic uncertainties in the rho channel are summarized in Ta-
ble 6.6. 
6.10 Rho Channel Charge Dependent Effects 
The 1992 rho channel analysis contains an anomaly discovered during a rou-
tine consistency check. The polarization for positive rhos differs significantly 
from the polarization for negative rhos (and from that for the other chan-
nels). The fit yields +0.018 ± 0.036 for positive rhos and -0.181 ± 0.035 
for negative rhos. The discrepancy can be expressed in terms of the allowed 
difference given by the statistical errors. By channel, the electron, muon, 
pion, rho, and a1 channel P'T( +) - P'T(-) differences correspond to -2.0, 
+0.2, -0.5, +3.9, and 0.0 allowed standard deviations, respectively. These 
differences are consistent with zero, except in the case of the rho channel. 
The rho channel difference has been studied extensively [46). 
A mechanism for charge dependent systematic effects is not obvious. 
Tracking distortions occurred in 1992 due to short circuits in the TPC field 
cage. Offiine corrections have been applied for these distortions; removing 
the corrections does not change the rho channel polarization significantly, 
and does not affect the anomaly. The time period during which the data 
were taken and the () and </> production angles of the tau also do not affect 
the anomaly. 
Problems with the reconstruction of photons would be expected to appear 
either in the sample of rhos using a merged 7ro or else in the sample using a 
resolved 7ro. Fitting for the polarization of the positive rhos and using only 
those with merged or resolved ?r0 's yields -0.006 ± 0.056 and +0.020 ± 0.050, 
respectively. Negative rhos yield -0.242 ± 0.052 and -0.157 ± 0.051. The 
choice of 1To sample does not affect the anomaly. 
Photons reconstructed from charged clusters near pion impacts on the 
ECAL could be influenced by charge dependent effects in the hadronic shower · 
(the nucleons of ordinary matter are positive or neutral). This possibility is 
studied by varying the minimum track-photon distance up to 20 cm. The 
minimum photon energy is also varied. An additional photon is permitted 
in the selection. None of these changes affect the anomaly .. 
It is possible to exclude photons from the fit altogether: a (less sensitive) 
fit is performed using the track momentum alone. Alternatively, a fit is 
performed using the 7ro energy alone. In each case the anomaly remains. 
Since the Z decays to two taus with correlated helicities, the opposite 
hemisphere carries additional information on the true polarization of a sample 
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of taus (the sensitivity is reduced, and not all taus in the opposite hemishere 
pass selection). Using all channels in a global fit for the polarization of the 
r- opposite a p+, and for the r+ opposite a p- yields results consistent with 
those for the rho samples themselves. A selection bias appears to be ruled 
out by the checks on tracks and photons. 
A preliminary analysis of the 1993 data has been carried out using the 
same analysis. The polarization differences P7 (p+) - P7 (p-) for the data 
taken in 1990, 1991, 1992, and 1993 correspond to -0.1, -0.5, +3.9, and +0.8 
allowed standard deviations. The conclusion is that an unlikely fluctuation 
has occurred in this subsample of the 1992 data. Rhos of both charges are 
used in the final result without additional systematic uncertainty. 
6.11 a1 Channel Background 
The three-prong a1 decay is topologically distinctive. Contamination from 
one-prong tau decays, with two misidentified electrons from photon conver-
sion, is rare. Therefore particle misidentification is not a factor in tau back-
ground in the a1 channel. The main uncertainties are in the world average 
branching ratios of three-prong tau decays that do not have the kinematics 
of the a1 decay [9). These uncertainties are generously covered by varying 
the K* and 37r7ro branching ratios by 20%, and the KK7r and K1!'7r branch-
ing ratios by 100%. This leads to a 0.003 systematic uncertainty on the a1 
channel polarization due to tau background. 
The rejection of 37r7ro depends on photon reconstruction. Variation of the 
Particle identification 0.003 
Photon reconstruction, 311'1!'0 0.002 
Tau background, K*, KK1!', and K1!'1!' 0.003 
Other background 0.001 
TPC calibration 0.002 
Model dependence 0.012 
Monte Carlo statistics 0.016 
Total systematic error 0.021 
Table 6. 7: Summary of the systematic uncertainties on the polarization in 
the a1 channel. 
minimum energy and minimum distance-to-track cuts on good photons leads 
to a further systematic uncertainty of 0.002 on the a1 channel polarization. 
There is one cut against non-tau pair background in the a1 channel. It has 
little effect in Monte Carlo, but is retained as insurance against hadronic Z 
decays in which one hemisphere may have fluctuated to resemble a tau event. 
The extent to which such fluctuations are correctly simulated is uncertain, 
since the hadronic Monte Carlo has been tuned for other types of physics 
analyses. If the opposite hemisphere has two or more tracks and one or more 
photons, then its invariant mass must be under 2 GeV /c2 • This cut removes 
56 hemispheres in data and 62 hemispheres in Monte Carlo. The distribution 
of the removed hemispheres versus the a1 polarization estimator is shown in 
figure 6.26. 
Varying all non-tau background by 50% yields a 0.001 systematic uncer-
tainty on the polarization in the a1 channel. The systematic uncertainties in 
the a1 channel are summarized in Table 6. 7. 
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Figure 6.26: Polarization estimator distribution of the hemispheres removed 
by the cut against hadronic background in the a1 channel. 
6.12 a1 Channel Model Dependence 
The a1 decay is simulated in KORALZ [47] using form factors tuned to 
experimental data [48]. The polarization fit is performed with a probability 
density variable w [7] based on the Kiihn-Mirkes model of a1 decay [49], in 
terms of a JP = 1 + p7r system which is mainly in an S wave. The systematic 
uncertainties due to these assumptions have been studied in some depth 
[50, 51]. There is a small expected contribution from a o- state, which was 
varied by 100% and has an almost neutral effect on the polarization fit. The 
D wave admixture in the decay was studied [51] by generating toy Monte 
Carlo using the a1 decay models of Isgur et al. [52] and Feindt [53]. The 
observed variations in the polarization lead to a 0.012 systematic uncertainty 
from model dependence in the a1 channel [43]. 
There is a visible discrepancy between the simulated and actual two-pion 
mass spectra (see figure 5.3). As a check, the discrepancy is eliminated by 
weighting hemispheres in the fit. This leads to a change in the a1 channel 
polarization of only 0.001. 
A small amount of parity violation in a1 decay is accounted for by invert-
ing the spacial momentum components of the decay products of positively 





The fit for the polarization is performed separately for each channel, and for 
each angular region in the detector. It uses a polarization estimator which 
depends on the channel. For the evil, µvv, and 7rV channels, the polariza-
tion estimator is the energy of the charged particle. For the pv and a1 v 
vector meson channels, the observed final state momenta are condensed into 
an w estimator [7]. Detector acceptance effects are included in the estima-
tor distributions of Monte Carlo hemispheres. Deviations from the detector 
acceptance in data are discussed in the chapter on systematic studies. 
Monte Carlo hemispheres enter one of two helicity distributions. Here 
the T- helicity is used for reference. Since negative helicity tau leptons 
and positive helicity tau antileptons lead to identical estimator distributions, 
they are combined in one distribution. This distribution is referred to as the 
negative helicity Monte Carlo distribution. Similarly, the positive helicity 
Monte Carlo distribution contains positive helicity tau leptons as well as 
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negative helicity tau antileptons. 
The polarization is obtained from the relative amounts of positive and 
negative helicity Monte Carlo contribution needed to match the distribution 
obtained from the data. Background from non-tau sources is subtracted from 
the data distribution. Tau background is included in the two Monte Carlo 
helicity distributions. 
The vector meson polarization estimators are derived from the measured 
3-momenta of the visible decay products. The three charged pions from a1 
decay have a total of 9 momentum components. Three of these correspond 
to the requirement of momentum conservation in the a1 rest frame, leaving 6 
quantities in the set of observables for the a1v channel. Similarly, the charged 
and neutral pions from rho decay lead to 3 observables in the pv channel. 
These may be taken to correspond to the tau decay angle in the tau rest 
frame, the rho decay angle in the rho rest frame, and the measured rho mass 
(the rho has a natural width of 151 MeV [9]). 
The set of observables, referred to as (, is reduced without loss of infor-
mation to a single polarization estimator w [7) by defining 
g({) 
w---
- J({)' (7.1) 




In the case of the 'TrV channel there is a single observable x1f = Echarged /Ebeam, 
for which [2] 
W(x?r) = 1 + Pr(2x11" - 1). (7.3) 
Similarly, for the evv and µvv lepton channels, 
Histograms are compiled from all hemispheres passing preselection, chan-
nel classification, and background rejection. The histograms are accumu-
lated separately for each channel in each of 9 angular regions in the detec-
tor. The angular regions in cosO are [-0.9,-0.7], [-0.7,-0.5], [-0.5,-0.3], 
[-0.3, -0.1], [-0.1,0.1], [0.1,0.3], [0.3,0.5], [0.5,0.7], and [0.7,0.9]. Separate 
histograms are compiled for data, for negative helicity tau pair Monte Carlo, 
for positive helicity tau pair Monte Carlo, and for background Monte Carlo. 
Twenty bins are used over the range of the polarization estimator. The 
range is [O, 1] for the Echarged/Ebeam estimator used in the evv, µvv, and rrv 
channels. The range of the thew estimator used in the pv and a1v channels 
is [-1, 1). There are some additional limits on the fit ranges. The µvv and 
'TrV channels are only fit above 3 GeV (Echarged/Ebeam > 0.066) to avoid a 
region of rr-µ misidentification. The µvv channel is only fit up to 95% of 
Ebeam due to muon pair background. 
The non-tau background Monte Carlo histograms are normalized to the 
integrated luminosity of the data. The tau Monte Carlo histograms are 
channel result 
evll -0.233 ± 0.071 ± 0.045 
µvll -0.111±0.056 ± 0.027 
'JrV -0.150 ± 0.028 ± 0.013 
pv -0.080 ± 0.025 ± 0.019 
a1v -0.129 ± 0.044 ± 0.021 
Table 7.1: Individual channel polarization results. The first error is statisti-
cal, the second contains all systematics including Monte Carlo statistics. 
normalized to the number of events in that channel in the data. It is necessary 
to account for the different selection efficiencies for positive and negative 
helicity taus in each decay channel. These efficiencies are absorbed into the 
normalization. 
7.1 Results 
Maximum likelihood fits are performed in each channel to obtain the average 
polarization P,.. These fits use the full angular range [-0.9, 0.9]. They are 
shown in figures 7.1 to 7.5, and the results are summarized in Table 7.1 [54]. 
The angular fit of Pr( cos 0) is shown in figure 7.6. Here the polarization 
value for each angular region is obtained from a global maximum likelihood 
fit of that angular region in all five channels. The fit over the angular range 
is a least x2 fit for 
Pr( cos O) = _ .A.r(l + cos2 0) + Ae(2 cos 0). 




Figure 7.1: Fit for the polarization in the electron channel. The points 
are data, the shaded histogram is background from non-tau sources, the dot-
dashed histogram is negative helicity tau Monte Carlo, the dashed histogram 
is positive helicity tau Monte Carlo, and the solid histogram is the sum of 
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Figure 7.5: Fit for the polarization in the a1 channel. 
The fit yields almost uncorrelated values for Ae and Ar, and is shown as the 
dashed line in figure 7 .6. The fit for a universal parameter Ae-T is shown as 
the solid line in this figure. 
Systematic uncertainties on Ar are mainly uncorrelated between the chan-
nels and no correlation has been included. There is however correlation be-
tween angular regions in the same channel. The x2 includes a floating offset 
for each channel, divided by the correlated A7 systematic uncertainty for 
that channel. The uncertainty due to limited Monte Carlo statistics is taken 
out and treated as part of the uncorrelated error. 
The main systematic uncertainty on Ae is 0.007 due to Monte Carlo 
statistics. Other contributions are small, 0.001 from TPC tracking distortions 
and 0.001 from a variation of the bhabha background by 15%. 
The helicity correlation between the two taus in each event has been 
neglected until this point. The statistical errors are increased by a factor 
1.023 to account for this correlation. 
Photon exchange, Z-photon interference, and initial state radiation have 
the effect of diluting the measured polarization. A standard model calcula-
tion with and without these effects yields a correction of +0.003. The three 
measured values Ae, Ar, and Ae-T are each increased by 0.003. The corrected 
values are shown in Table 7.2. 
An analysis very similar to the one reported here formed part of the A-
LEPH publication on tau polarization using the 1990 and 1991 data [43]. 
The values reported for that data were Ae = 0.120 ± 0.025 ± 0.008, Ar = 




Ae 0.136 ± 0.021±0.007 
A,. 0.129 ± 0.016 ± 0.010 
Ae-'T 0.131 ± 0.013 ± 0.006 
Table 7.2: Tau polarization parameters obtained from the 1992 data only. 
The first error is statistical and the second is systematic. The results have 
been adjusted to account for photon exchange, Z-photon interference, and 
initial state radiation. 
parameter result 
Ae 0.129 ± 0.016 ± 0.005 
A,. 0.134 ± 0.012 ± 0.008 
Ae-'T 0.132 ± 0.010 ± 0.005 
Table 7 .3: Combined tau polarization parameters obtained from the data 
taken from 1990 though 1992. 
results for the data taken from 1990 through 1992 are shown in Table 7.3. 
The combined value Ae = 0.129 ± 0.016 ± 0.005 can be compared directly 
with the left-right cross section asymmetry obtained using polarized beams 
at SLC [19), ALR = 0.1656 ± 0.0071±0.0028. The agreement is at the level 
of 2.0 statistical standard deviations. 
The two combined values Ae = 0.129 ± 0.016 ± 0.005 and A,.= 0.134 ± 
0.012 ± 0.008 are in good agreement with each other. The ratio of Ae to A 7 
is 0.96 ± 0.16, supporting the hypothesis of universality in the Z couplings to 
electrons and taus. 
Assuming electron-tau lepton universality leads to the combined value 
Angular fit 
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Figure 7.6: Fit for P.,.( cos 0) from the 1992 data, using all five tau decay 
channels. The dashed line shows the fit for .Ae and A,. separately, the solid 
line shows the fit for .Ae-.,. assuming tau-electron universality . 
.Ae-.,. = 0.132 ± 0.010 ± 0.005 for the data taken from 1990 through 1992. By 
equation 1.2, this corresponds to: 
g~ 
-, = +0.066 ± 0.006, 
9A 
(7.6) 
and, by equation 1.4, to: 




The tau polarization as well as the angular dependence of the tau polarization 
have been measured using five tau decay channels, r -+ ev17, r -+ µv17, 
r-+ rrv, r-+ pv and r-+ a1v. These decay channels account for over 80% 
of all tau decays. The tau helicity is deduced from kinematic distributions 
of the decay products, using the V - A nature of the decay. 
The data used in this analysis are the 22.3 pb-1 collected by ALEPH 
in 1992. The measurement leads to tau and electron couplings to the Z of 
Ar = 0.129 ± 0.016 ± 0.010 and Ae = 0.136 ± 0.022 ± 0.007, where the 
first error is statistical and the second is systematic. Assurning electron-tau 
universality leads to Ae-T = 0.131 ± 0.013 ± 0.006. 
This result has been combined with the published ALEPH result for the 
1990 and 1991 data (43]. For the combined data, the ratio of Ae to Ar is 
0.96 ± 0.16. This is evidence in support of the hypothesis of universality in 
the Z couplings to electrons and taus. It is noted that the ratio of vector 
128 
and axial vector coupling constants has a positive sign for the Z couplings to 
both electrons and taus. The value Ae can be compared directly to the value 
ALR obtained using polarized beams at SLC [19]. The two results agree at 
the level of 2.0 statistical standard deviations. 
Finally, tau polarization in the combined 1990 through 1992 ALEPH 
data yields a measurement of the effective weak mixing angle sin2 OU} 
0.2334 ± 0.0014. 
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